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[Teplindn

To petabhixd elvon ouvieTnd 1) teyvnTd LA, Tor omola Tapouctiocay WIOTNTES o
0ev Umopolv va avamapoy Yoy and cuuBatixd LA Autd ta VA amoteholvTal omod
OOUEC TOAD XEOTERES OMd TO UNXOC XVUATOC, oL oTtoleg ovopdlovtal povadiales xupEree
X0l DLUTETAYUEVES OTO TELOOWIOTATO YP0. AUTEC oL Bopéc efvan W8S OYEBIAOUEVESC (OTE
Vol umopoly Vo ahhECouv TIC NAEXTEOUAYVNTXES WLOTNTES TOUG ONAASY, TNV NAEXTEIX)
EMUTEENTOTNTOL XL TNV MOy VNTIXT BlamepatoTNTA Tou UAoU. Mia utoxatryopla autdy Tov
METODAXOY €lvor oL UETAETILPAVELES, OL oToleg efvan Topotuio oY EBLUOUEVES OTWE TOL UETO-
UAxd ye povadtaleg xuéreg, ahhd avtivetog ue tor ueTabAixd ot povadaieg xu&eheg elvon
TEELOOWXE DLUTETAYHEVES OE €vaL ETUTEDO, OF Vol BloOLAo TaTo TAEYHA. ‘Oewe To peTodAind,
QUTEC OL ETUPAVELES ETUOELLOY IXAVOTNTES TIOU BEV UTORPOLY VoL avamapoyVolV amd xavéva
PUOKO LAXO. AUTEC OL IXOVOTNTEG TOUG ETUTEETOUY Vol AAANAOETIOEOUY UE TO NAEXTEOUO-
YVNTXO TEPYBEANOY TOUG UE TETOLO TPOTIO MOTE VoL ATOEEO(POUV TEAEIWS Eval TpooTinTOY
x0ua yoele avexhaong 1 oxoun Vo avoxholy TEAEW EVal TEOOTUTTOV XOUA OE Lol YwVia

TOL OEV 0XOAOUVEL TOV VOUO TOU LVEA Y0plc AMWAELES.

Autéc oL 500 WAVOTNTES, 1) TEAELE ATOPEOPNON X0l 1) TEAELS AVAXAVCT), UTOEOUY Vi
Yewenloly ¢ BAcUéS avVOTNTES TwV Lovadlalwy XUPEA®Y Yia ToV EAEYYO TOU TAGTOUC
%o TNG PAOTS TOU VOXAWUEVOUS X0uaTog. Me autd Tov EAEY YW, Ol UETAETLPAVELES EYOUY
yenotonotniel yior 0 SMULoLEYI TOAATAMY TEPLTAOXOY UETWOTOY XUUATOY. AuTd T
pETona €youv dnuoupyniel ue otatind xon duvouxd Teomo. H duvouxr| ukonolnon Toug
€yeL emteuy Vel Ue TNV EVOWUATWOT EVERYWY, HETUBANTMY OTOLYEIWY OTKC BLOBMY, O Xdle
povadtokor xUpEAN. ‘Oheg ot povadiaieg xupéreg umopolv vo ueTafAndoly TauTtdyEova, Ue
TN TOAWOY TOUC amd Lol XevTewt| Tdom. Emiong, xdde xudéin urnopel vo molwdel povn
NG MO ULot XEVTELXY| HOVABO EAEYYOU Xal Vo XaTopUWOEL Vo UETAUBGAEL TN Qo™ 1) Xou TO
TAdTog o€ xde xUPERN Leywetotd. Me autd To pepoveUEVO EReYyo €youv LhoToteile

TOAUAELTOURYIXES X0l ETAVATEOYEAUUUAUTIOUEVES UETOETLPAVELES.

H uvlomoioeic autév TV ETOVATEOYEUUUATICOUEVWY UETAETLPAVELWY UE HEVTPIXEG



Hovddeg eAEYyou etvan 50oXOAT XIS xde xUPENT TEETEL Vo elvor NAEXTEE EVWUEVT UE
NV %xeVTEWT povada ehéyyou. To x607T0¢, 1 xATAVIADGT) EVERYELNS, 1) ETEXTAGILOTNTA
xou 1 a€lomo Tl AU TOV TOV ETAVITEOY PUUUUTICOUEVWY UETAETLPAVELY YeHlEl BeATinong.
YNy napolou SlTE3n) AT EMITUY YAVETE UE TNV EVOWHATWOT X3Ue xLPEANG UE WOWd oy E-
otaopéva ohoxANewuéva xuxhwpdta. IIépay T00TwY, aUTA T OAOXANPOUEVO XUXAGUATA
TOEEYOLY ETUTAEWY AELTOLEYIEC o EUXOALY OTN Oy EdlaoT TG HETAETLPAVEL. To 0AoXAT-
ewPEVEL xOXAOUAT PORTOVOLY Xdde XVPEAT HoVEDAC PE CUVIETEG EUTEDNOEIC WOTE VA
HETOPBAAEL TOGO TO TAGTOC GO XU TN PACT) TOU AVaXAWUEVOU x0uatog. Me mpooextind
OYEBLUOUO TV ONOXANPWUEVO HOXAWUATWY PAUBLOCLYVOTHTOV Xl TNG NAEXTEOUOY VITIXY)
UETUETLPAVELD, 1) TEWTY) OLXOYEVELNS ONOXATPWUEVKY XUXAWUATLY YLl TEOY P TIC OE-
VEC UETUETLPAVELEG TadyUnxe xordiG XAl 1) TEWTY TOAUAEITOURYIXT| XAl VUBLUULOPPOOUIN
METOETLPAVEL EEOTALOUEVT UE OUTA TOL OAOXANEWUEVOL XUXADUATA.

H petoempdvelo tou ebvor e€omAouévn U auTd Tot OAOXANPOUEVA XUXAWUATA ETEDEL-
&e tov €heyyo Tou PeYEDoUg o TNG QPAONG TWY CUVTEAECTOV OVAXAUONG Yid EUPElES
YWVIEC TEOOTTWONG TOCO YLl EYXUOOLES NAEXTEIXEG OCO XL YO EYXUPOIES YOy VNTIXES
Ttohwoelc. To avoxhouevo xOuo umopel vor UndevioTel xou oL 5U0 TOAWGELS UTOPOVY Vi
amopeo@nioly TauTOYEOoVA Xou aveldpTnTa Uypel xon auPAcle Ywvieg TpéoTTwoNng 1600
YL TNV EYXdEoLa NAEXTEXY TOAWGT) 6O Xou YL TNV EYXdpola oy vnTixr toéAwon. O
eheyyog peyédoug xou @done oltomoteltar yior vor emdetyVel mpoypouuatiléduevos yeLol-
OUOC NAEXTEOUAYVNTWOU PETOTOL X0patog. H yetaemipdvelo anddeile nelpopotind 6Tt
umopel var mopdryel audalpeTou oy AUATOC Xou TOAWONG PETOTO xUPoTog. H apyttextoviny
TOU TOEOUGLAGTNXE XU TO TEWTOTUTO (1) METAETLPAVELD), Bploxouv dueon eqapuoyy o€
uelewong dlatounc pavTtde, ECumva TEOYEUUUATICOUEVO Ao URUATO TERUSEANOVTO ECLTERLXOU
xo EMTEPOY YWOEOL, axdurn uropet va Totodetniel oe UPIGTAUEVOUS Xat UEAAOVTIXOUS

otaduole Bdomng TNAETIXOVWVIUXDY CUC TNUETGLY.
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Abstract

Metamaterials are composite materials which demonstrate properties that can’t
be reproduced by materials found innature. These materials consist of sub-wavelength
structures, unit cells, which are engineered to alter their electromagnetic medium
properties. A subclass of metamaterials, metasurface, are arranged in a two-
dimensional lattice. Similar to metamaterials, these surfaces demonstrate abilities
that can’t be found in any nature material. Their abilities enable them to interact
with their electromagnetic environment so as to perfectly absorb or perfectly reflect

an incident wave at an angle which doesn’t follow Snell’s law.

These two metasurface abilities, can be considered as amplitude and phase con-
trol abilities by their sub-wavelength structures. These two abilities were exploited
to generate complex wave-fronts. Wave-fronts were generated in a static manner
tirst and later in a tunable and dynamic manner. Tunability can be achieved by
embedding tunable lumped elements within each unit cell. All the tunable lumped
elements can be biased simultaneously. By connecting each tunable lumped element
to a central biasing unit like a field-programmable-gate array board individual, or lo-
cal, control of amplitude and phase can be implemented in a programmable scheme.

This implements a multifunctional and reconfigurable programmable metasurface.

These implementations find a bottle-neck, which is inherited by their discrete
lumped-element implementation. Cost, power consumption, scalability and relia-
bility need to be addressed while incorporating additional functionality and per-
formance in the metasurface design. This thesis addresses these limitations by
incorporating application specific integrated circuits (ASICs), within each unit cell.
The integrated circuit loads each unit cell, so as to control both amplitude and
phase. Careful co-design of radio-frequency integrated circuits and electromagnetic
metasurfaces, have led to the manufacturing of the first family of ASICs for pro-

grammable metasurfaces, along with the first multifunctional and reconfigurable

1ii



ASIC-equipped metasurface.

The produced metasurface demonstrates control over the reflected magnitude
and phase for a wide range of incident angles for both transverse electric and trans-
verse magnetic polarizations. The reflected wave can be set to zero, and both polar-
izations can be perfectly absorbed simultaneously and independently up to oblique
angles of incidence for both transverse electric polarization, and for traverse mag-
netic polarization. Magnitude and phase control is exploited to demonstrate pro-
grammable electromagnetic wavefront manipulation for producing arbitrary shape
and polarization wave-fronts. The presented design finds direct application in re-
duce radar cross-section application, smart indoor/outdoor programmable wireless

environments, it can be retrofitted in current and future telecommunication systems.
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Chapter 1

Introduction

Metamaterials (MTMs) are materials that are engineered to exhibit properties
that are not found in nature. In 1968, it was theoretically shown that materials with
negative refractive index can be achieved by obtaining negative electric permittivity
(¢) and magnetic permeability (i) [1]. The electric field vector, magnetic field vector
and wave vector of a propagating wave in negative-refractive-index media will
form a left-handed triplet, contrary to positive-refractive-index media where they
form aright-handed triplet. Veselago therefore named negative-refractive-index and
positive-refractive-index media left-handed and right-handed media, respectively.
This ability was experimentally demonstrated at the beginning of the century, in
2001, by employing an array of periodic, electrically small unit cells consisting of

copper strips and split ring resonators [2].

By engineering the refractive index of a material, the refracted angle of a trav-
elling wave exiting or entering a material can be directed at an angle which was
impossible with conventional materials. An extension of this property was shown
in [3] where a gradient of refractive indexes was engineered around a cylindrical
object to redirect a wave around the object. By redirecting the wave around an
object, the object will neither reflect, absorb nor cast a shadow, in simple terms the
object will not interact with the wave, and thus it is effectively cloaked. With MTMs,
researchers were able to construct lenses which had the ability to resolve objects be-
yond the diffraction limit [4]. These lenses, appropriately termed “Veselago-Pedry
superlenses” are designed with strict criteria, where the relative electric permittivity
and magnetic permeability of the lens medium is equal to -1. Such a lens can find

many practical applications in biomedical imaging, lithography and sensing.
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Periodically loaded transmission lines with lumped inductors and capacitors
have also demonstrated the ability to engineer the refractive index in two-dimensional
transmission lines [5] and even one-dimensional transmission lines [6]. Periodically
loaded transmission line MTMs take advantage of the engineered refractive index
without compromising their size, making them more suitable for radio frequency
(RF) and microwave (MW) applications. These periodically loaded transmission
lines were adopted in many microwave and antenna designs [7-9], and improved
their performance and form factor.

Metasurfaces (MSFs) are the two-dimensional counterparts of MTMs. MSFs
consist of by a two-dimensional array of unit cells which are electrically small along
their period, but also electrically thin. MSFs are able to alter their electromagnetic
properties to perfectly absorb an incident wave [10,11]. This is implemented by
engineering the surface impedance of the MSF to match the impedance of the incident
wave. In this scenario, where the surface impedance is matched to the incident wave
impedance, all the MSF’s unit cells are identical. MSFs have also demonstrated
anomalous reflection where the unit cells are arranged in such a way that each unit
cell has a progressively different reflection phase than its neighbouring unit cells
[12,13].

Perfect absorption and anomalous reflection are the basis of magnitude and/or
phase control for MSF unit cells. By setting either the reflection coefficient ampli-
tude or phase response of each individual unit cell, researches have demonstrated
multiple simultaneous functions [14]. This amplitude or phase response manipula-
tion is implemented by altering the geometric parameters of each of the MSF’s unit
cells. An example can be seen in Fig. 1.1 where the MSF consists of periodically
arranged unit cells of size D. The unit cell geometry can be seen in the top left corner
of the figure, and this particular geometry is commonly referred to as a Jerusalem
cross. Each width (W,, W,), length (L., L,) and gap (G, G,) is modified to match
a set reflection coefficient for each of its orthogonal x and y component. Doing so,
this particular example can collimate or focus a beam and simultaneously convert
a linear polarization (LP) to a circular polarization (CP) wavefront. By being able
to set both the reflection coefficient magnitude and phase response of each unit cell
individually, MSFs have demonstrated even more complex wavefront manipulation
capabilities. Complex wavefronts have been demonstrated such as, multiple pencil

beams [15, 16], multiple pencil beams with power control of each beam indepen-
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Figure 1.1: Example of a coding MSF. Each unit cell’s geometric parameters are set individually

through a code before manufacturing.

dently [17], orbital angular momentum (OAM) beams [18] and holographic beams
[19]. These types of MSFs are found in the literature as coding MSFs, since they
require some sort of coding to calculate each unit cell’s response.

Although these MSF capabilities are promising, they are static, meaning that
they produce an MSF response that can’t be altered after its fabrication. In order
to introduce a post fabrication alteration or a tunable response, MSF designs have
incorporated tunable elements in their unit cells. By applying a voltage on such
tunable elements, the electrical properties of that element could be tuned to alter
the resonant behaviour of the unit cell. Numerous electrically-tunable MSFs have
been shown, including the use of varactors [20,21], integrated loading elements [22],
liquid crystals [23], and more recently utilizing graphene [24-26]. The biasing of the
lumped elements within each unit cell is done by grouping rows or columns and
connecting them to a biasing voltage. An example of a distribution of one biasing
voltage can be seen in Fig. 1.2. This distribution groups all the tunable elements in
one biasing voltage. Other devices with more biasing voltages can be found in the
literature [27]. Due to this biasing voltage distribution, the abilities of such devices
remain limited to this global operation.

Besides electrical tunability, numerous other means of obtaining a tunable MSF
behaviour have been shown in [27], magnetic tunability has been shown in [28], and

optically tunable behaviour has been shown in [29]. Other chemical materials like
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Figure 1.2: Illustration of a tunable MSF. Each unit cell is loaded with a diode.

poly dispersed red 1 acrylate (PDR1A) with optically tunable response have been
explored [30]. This particular material has been shown to possess a memory effect
[31].

When an MSF is applied in a practical application, it is desirable to avoid hu-
man intervention when changing the MSF state via tuning. Such tunability, which
typically requires a bias voltage to be changed on the tunable elements without a
human to change the dial on a power supply, would require some programmability.
A central processing unit or microcontroller or even a field programmable gate ar-
ray (FPGA) can be used to provide the digital input to digital-to-analog converters
(DACs), which will bias the tunable elements embedded within the unit cell. The
central processing unit can be connected to a computer which controls the MSF
trough software. This software control gives rise to the possibility of program-
matically controlling each unit cell independently, which is a tedious process to be
implemented manually. These logical steps gave rise to a new type of MSFs. In the
literature these types of MSFs can be found as programmable metasurfaces (PMSFs)

or even intelligent reflective surfaces (IRSs).

Programmable MSFs with their individual unit cell control have demonstrated
multiple reconfigurable functions, such as polarization, scattering and focusing con-
trol [32], holography [33, 34], non-linear harmonics control [35], machine learning
imaging [36], and frequency recognition for self-adaptivity [37]. Programmable
MSFs, and their aforementioned advanced electromagnetic manipulation capabil-
ities, have provided the potential to greatly improve wireless telecommunications

through the smart radio environment reconfiguration paradigms [38—42], and have
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increased the capabilities and agility of antenna applications [43—47].

The use of programmable MSFs in radio environments is in contrast to tra-
ditional wireless telecommunications systems, where the effect of the terrain or
structural environment is simply accounted for by the transmitter and receiver. By
operating a programmable MSF in a radio environment, the parameters of the chan-
nel can also be partially controlled. PMSFs operated in this manner have shown
promise in improving multiple aspects of wireless telecommunications, such as in-
creased reliability, energy efficiency and security [38-42,48-50].

A PMSF can be illuminated within the Fraunhofer region by a passive direc-
tive antenna such as a rectangular horn antenna, and can programmatically alter
the overall radiating pattern [50,51]. This concept is not new and has been imple-
mented using traditional transmit- and reflect-arrays [52,53]. PMSFs in this scenario,
provide greater control over the reflected or transmitted wavefront due to their sub-

wavelength unit cell size.

1.1 Motivation

The goal of this thesis, even though it pre-dates most of the work on pro-
grammable MSFs, was to address the limitations and constrictions found in many
current programmable MSFs. Currently, PMSFs rely on external, costly and power
hungry FPGAs to bias with discrete states each unit cell [32-37]. Within these PMSFs,
each unit cell is equipped with a lumped diode, which enables their tunability. An
example implementation can be seen in Fig. 1.3, the tunable lumped element in this
case a P-intrinsic-N (PIN) diode can be seen in Fig. 1.3(a). In addition, the power to
bias all the diodes due to the large number of unit cells is significant. This is not ap-
parent at first; for the example design in Fig. 1.3 which needs 10 mA to forward bias
each PIN diode, this will translate into a total of 16 A for a PMSF consisting of 40x40
unit cells. So in retrospect, a different type of diode would have been more appropri-
ate for PMSF applications. Digital-to-analog converters (DACs) are used to provide
multiple discrete states to each unit cell, with the compromise of further increased
power consumption. The implementation of the feeding networks to each unit cell
is a challenging process, which requires additional digital circuits. Since each sub-
wavelength unit cell needs to be addressed, a digital line will need to connect to

it. Within this unit cell area, other RF/MW space-consuming components might be
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(a) (b)

Figure 1.3: Example implementation of PMSF design. This prototype is based on [32]. (a) The top
textured side of the PMSF is shown, where the PIN diodes are populated. On the bottom (b), bipolar

junction transistors, multiplexer and radial stubs are used to forward bias each PIN diode.

needed for biasing purposes, to isolate the direct current (DC) from the RF/MW sig-
nal. In the example in Fig. 1.3(b) a radial stub is used as part of the biasing network,
which occupies a large proportion of the unit cell area. Digital multiplexers and
shift registers can be used to reduce the number of DC lines in order to implement
a PMSF with a finite area. Eventually, this approach will require additional FPGAs
to scale up, and as the operating frequency of the PMSF increases this approach will
not be viable even for most applications where the PMSF is required to occupy an
area of 5x5 A2. Furthermore, the programmable approaches outlined in [32-37] only
control the phase response of the unit cell and are for a single polarization. Real life
application and adaptation will require far greater control. Controlling the phase
and magnitude of each unit cell for both polarizations with commercially-available
off-the-shelf (COTS) components like FPGAs, diodes and DACs will only increase
further the complexity of the feeding networks, the power consumption and the cost

of the MSF [54].

PMSFs, and their aforementioned architecture in their current state, have found
a bottleneck that can only be addressed with a new architecture. Furthermore, since
MSFs are still relatively new, they do not offer a well-defined way to be used in
real-life applications. This makes them unappealing to engineers that work in other
professions, for example to engineers working in wireless network deployment or
even for engineers working in imaging applications. In order to tackle this bottleneck

and make PMSFs easily realised, scalable, low-cost and low power, new hardware
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and software components need to be developed. These components need to be
available to the public with plug-and-play operation [55].

This new MSF architecture proposed in this work, embeds application-specific
integrated circuits (ASICs) within the PMSF’s unit cells. The ASICs are controlled
through software, which is build on an application programming interface (API).
With this software the PMSF is controlled and by extension its electromagnetic
environment can also be controlled.

The proposed ASIC-enabled PMSFs architecture, besides being low-cost and
low-power, also introduces increased functionalities. The architecture aims to be
able to control both the transverse electric (TE) and transverse magnetic (TM) po-
larization’s reflection amplitude and phase for each unit cell. With this ability, the
reflection coefficient of each unit cell can be analytically calculated and consequently
be easily coded in software as a predefined function. Arbitrary near field and far field
wavefronts can be analytically derived and generated, with the press of a button.
Analytically generating a wavefront is less time consuming compared to an iterative
method approach, thus making the ability to analytically generate a wavefront par-
ticularly useful, since there are also time constraints in many applications. All these
combined attributes can greatly improve multiple areas of science and applications.
Applications like reduced radar cross section (RCS), stealth, imaging, holography,
and current and future telecommunication systems.

The developed architecture aims for a plug-and-play incorporation and has
a large impact by addressing cost, energy and expandability constrains. Such an
architecture will drive the development of many future ASIC and MSF designs that

will find even more applications and help humanity in multiple sectors.

1.2 Thesis Overview

In this thesis, two PMSF prototypes were developed. The top-level architecture
of the two PMSFs can be seen in Fig. 1.4. The top-level architecture for both designs
involve a MSF which is equipped with an ASIC in every unit cell. A graphical user
interface (GUI) is used in both designs to choose the desired PMSF functionality. The
GUI can be operated on a desk-/lap-top or personal computer. This desired func-
tionality is strongly dependent on the PMSF, therefore the GUI translates the desired

functionality into physical input signals to the ASIC. These signals are transmitted
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Figure 1.4: Top-level architecture for two electronically PMSF. In (a) the author partially contributed
to the development of the unit cell and the RF part of the ASIC. In (b) the author used the ASICs and
build the complete system.

to a gateway which is electrically connected to the PMSF and from there propagated
within the PMSF.

In the Fig. 1.4(a) the gateway was custom-built which could communicate to the
GUI with either a bluetooth or WiFi connection and a wired connection. The unit-
cell’s design comprised of rectangular patches connected to an ASIC in the middle.
The ASIC loads the unit cell with four complex impedance loading elements (LEs).
Within the ASIC, an asynchronous control circuits is integrated along with DACs
and LEs. For this project, the author contributed with the complete development of
the RF part of the ASIC, (the LEs), and partial development of the unit cell design.

In the Fig. 1.4(b) the author utilized the ASIC design he already contributed to,
to implement a PMSF with extended capabilities compared to the one in Fig. 1.4(a).
Furthermore, the author designed the gateway and GUI The gateway is a simple
microcontroller with a voltage level shifter to ensure the correct compatibility with
the integrated circuit (IC) voltage range. The gateway communicates to the GUI
with a universal serial bus (USB) wired connection, since during the MSF electro-
magnetic testing there shouldn’t be any electromagnetic radiation interfering with
the measurements.

During the development of this PMSF architecture, the author performed RE/MW

measurements to verify the operation of the ASIC on-wafer using ground signal
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ground (GSG) probes. Once the ASIC was packaged, connectorized measurements
were performed on populated printed circuit boards (PCBs). Measurement tech-
niques were developed to accurately de-embed the packaged ASIC. Finally, in order
to measure the whole PMSF the author developed his own near field (NF) system to
obtain the scattered far field (FF) of the PMSF.

1.3 Thesis Outline

This thesis is divided into six main chapters, excluding the introduction and
conclusion. In Chapter 2, background information on the research can be found.
Background information for MSF modelling, RE/MW IC components and measure-
ment techniques for all the stages of the design. That is, on-wafer, connectorized or
packaged measurement techniques and near field measurement techniques.

The first developed MSF design is presented in Chapter 3, in this chapter the
MSF architecture is presented along with an example unit cell design. In this chapter
the theoretical LE design analysis is presented along with the top level architecture
of the ASIC. The theoretical analysis is validated through simulations and from
on-wafer measurements.

A second MSF design is presented in Chapter 4. This MSF design overcomes
limitations found with the previous design as it has increased tunability, wider angle
range and operates simultaneously for both TE and TM polarizations. Using these
functionalities, the design demonstrates not only perfect absorption at a wide angle
range but also the generation of arbitrary shaped and polarized wavefronts. Using
this MSF design in Section 4.4, the effects of mismatch are studied, and simulated
results are presented.

In order to realise the MSF designs presented in Chapter 3 and Chapter 4 the
first family of ASICs was realised; and is presented in Chapter 5. A prototype PMSF
equipped with an ASIC is presented in Chapter 6, which evolved from the design in
Chapter 4. The design’s reflection coefficients are measured using a custom measure-
ment set-up in this chapter. This PMSF design’s characterization was not a trivial
task. PMSF are electrically large, and multiple wavelengths in size. Electrically large
antennas are usually measured in near field systems. PMSF unlike electrically large
antennas, are not radiating structures but are electromagnetic interacting surfaces.

Therefore, adaptation to already existing measurement methods was needed. The

9
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current state of the research concludes with Chapter 7. In this chapter, a synthesis
performance of the MSF is evaluated. Finally, this thesis is concluded with Chapter 8,
where the conclusion, contributions and possible directions for future work can be

found.
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Chapter 2

Background Information

Background information required for better comprehension of the work is pre-
sented in this chapter. Contributions were made to all the levels of the programmable
MSF’s design, and therefore this chapter contains background information for all the
levels. Information can be found for MSF, RE/MW IC design and measurements. In
Section 2.1 the basic modelling of MSFs is presented. The analysis starts with simple
periodic structures, and finishes with the analysis of an artificial impedance surface
loaded with lumped loads. The artificial impedance surface loaded with lumped
loads, strongly resembles the MSF in Chapter 3. It's modelling is presented in order

to introduce the basic mechanism and operation of the manufactured MSFs.

The presented MSF uses ICs to programmatically tune the electromagnetic char-
acteristics of each unit cell. This approach is drastically different compared to other
programmable MSFs but it is essential to gain more functionality out of the MSF
without compromising cost, energy efficiency and expandability. This approach
entails that the IC is co-designed with the MSF and therefore the background in-
formation in this chapter contains essential information for RE/MW IC components,

found in Section 2.2.

The measurement performed in the scope of this work required specialized tech-
niques in all the development stages of the manufactured prototypes. Background
information regarding this technique and methods can be found in Section 2.3. Even
though this information is not exhaustive, it presents the required information to ef-
fectively communicate the techniques used to perform the necessary measurements
later on in the next chapters. Information can be found for on-wafer, connectorized

(Section 2.3.1) and antenna (Section 2.3.2) measurements techniques.

11
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Figure 2.1: The geometry of the planar regular array of wires.

2.1 Metasurfaces

Periodic structures have found application in filters, antennas and more recently
in the design of MTMs, and in extension MSFs. Analytical modelling of such struc-
tures is important to understand the operating mechanism of such structures. The
section provides a brief introduction on the modelling of MSFs by following and
summarizing the work of [56], and supplements additional information from other

more recent sources.

2.1.1 The Simple, Wire Grid

A periodic array of thin wires can be considered the simplest form of periodic
structures. Consider that this array is only periodic only along one axis, the y-axis

(see Fig. 2.1).

The analytical formulation of the reflected and transmitted electric field (E) and
magnetic field (H) is a cumbersome procedure and falls outside the scope of this
thesis. This analysis is avoided here but without compromising the purpose of this
section. Instead, one can introduce a lumped impedance which produces the same
response as the wire grid. This lumped impedance is referred to as the surface
impedance of the grid (Z,). This surface impedance is the equivalent impedance in

the equivalent transmission line model seen in Fig. 2.2. In [56] the surface impedance

12
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Figure 2.2: Equivalent transition line model for planar array of wires in isotropic space with a wave

impedance 7 (normal incidence).

of a periodic array of parallel wires as shown in Fig. 2.1 is ([56], eq. 4.38):
Ze=Zd+ jda(1-sin?0 cos? 2.1
¢ = ]zoc( sin® @ cos (p), (2.1)
where Z is the impedance per length, d is the separation between the wires, 7 is the
free space impedance and «a is the grid parameter ([56], eq. 4.31):

a= % log [_2:1’ ] + % Z 2? - ﬁ (2.2)
oS \/(zm thd) — (-2

For a dense grid where the following conditions are satisfied:
kd < 2m, (R - &) d* < 2, (2.3)

the grid parameter can be simplified to:

a= %[log %T’OH (2.4)
The reflection (R) and transmission (T) coefficients for normal incidence are:
N
R:—%,T:1+R:nzg ) (2.5)
5 +Z, > +Z,

whereas for oblique angles the reflection coefficients for TM-polarized incident

waves are: , ,
eg  cos- 0O cos” P
Ry=—=——"7—", 2.6
™ = AE (2.6)
ey cosb sing cos@
Reyvy = — = 2.7
EM EQ AE ’ ( )

RTE = =0 = , (28)
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eg _ €osO sin¢ cosd
Ey AE ’

Ry = (2.9)

where AE is equal to:
AE = (1 —sin” 0 cos? qb) (1+ jacosB) + (gchos 6). (2.10)

The TE to TM and TM to TE cross-polarization conversion terms are referred to as
Rem and Rye in (2.7) and (2.9), respectively. The transmission for oblique incident
angles follows the general rule of T = 1 + R. From this analysis it is important to
understand the dependence of the reflection and transmission coefficients, and in
extension the surface impedance, on the angles 0 ¢ at which the wave is incident on

the surface, the frequency and the geometrical parameters of the grid.

2.1.2 Grid of Metal Strips

The average boundary conditions of a dense wire grid are described by the single
scalar parameter ¢, the grid parameter. This grid parameter is strongly dependent on
all the geometric properties of the wire grid (periodicity, radius). The analytical form
for the reflection and transmission coefficients found in (2.5)-(2.9) are dependent on
the angle of incidence and are universal for dense arrays. In [56], it was shown that
it is enough to measure the reflection and transmission coefficients at a single angle
to determine the grid parameter of another unit cell geometry. In this case, planar
conducting strips of width w and periodicity d were found to have a grid parameter

similar to the wire grid. The grid parameter found was:

kd d
a= — llog[ — H . (2.11)

sin 24
For an array of thin strips, the argument of the sine is small and expanding it into a
Taylor series approximates to:

a= kd llog [EH . (2.12)

Tt TTw

Comparing this to the grid parameter of the wire array in (2.4) and ((2.12), one
can see that the two grids have the same response if w = 4ry,. Therefore, the grid

impedance of a conducting strip array is:

iy oW
sin 77

n . d d
Z, = jpa = jwotos - [log[ H . (2.13)
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For an excitation wave with polarization orthogonal to the strip, the grid
impedance can be found by applying the Babinet principle to the strip and sub-
stituting the width w with the gap (d-w).

—177-1
Z, 1= 4iZg =n [ja)e‘oZd log “sm(%d_w))l ” : (2.14)

It can be seen that the grid impedance is inductive for an excitation plane
wave with polarization parallel to the strips (2.13) and capacitive for the orthogonal
polarization (see (2.14)). From this, one can imply that for a polarization with both

x and y components the sheet will be at resonance and therefore transparent.

2.1.3 Grid of Rectangular Arrays

Until this point only periodic structures in one dimension were presented, like
in Fig. 2.1 the y axis. In this section structures which are periodic in both x and
y axis, are summarized, thus expanding on the previous subsection. A periodic
structure made of patch arrays and a mesh made of rectangular wires, as can be seen
in Fig. 2.3, will be presented. According to [56] the grid impedance of a patch array
or rectangular wire grid is mainly capacitive or inductive, respectively. For a patch

array (Fig. 2.3(a)) the grid impedance is:

1
ZIEIMM — - 2.15
patch ] w Cputch ( )

where for TE polarization Cpu., is equal to [57]:

+e, 1 k5 sin® 6
CTt, = Deg enten)y | 1 [1 - kz—os’“; , (2.16)
sin — eff
2D
and for TM polarization:
1+ & 1
C;—Z\t/ih — D(C:O ((E 1 € 2) 11‘1 —=5 |- (2.17)
SIm E
For the mesh (Fig. 2.3(b)) the impedance is inductive:
Zeay " = jo Lia, (2.18)
and for TE polarization L, is equal to:
D[.lo 1
Lyia = 5— 10| —5z |- (2.19)
in —
“N2D
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Figure 2.3: Rectangular arrays, (a) capacitive patch array and (b), inductive wire grid.

and for TM polarization:

D 1 K2 sin2
L™ = B0y, j_ o SO (2.20)
e 2n sin — kgff 2
2D

The geometric parameters w and D can be seen in Fig. 2.3 k; is the free space wave

number and k. is the wave number of the incident wave vector in the effective host

"+ &
K = ko[ 52 (2.21)

The dielectric substrates surrounding the periodic surface on both sides have relative

medium.

dielectric permittivity ¢,1 and ¢,,. Of course, the inductive or capacitive impedances
of the grid can be approximated with the above expressions, but in reality, they are
not purely reactive. They also possess a loss component. For the patch array the

losses can be added to the calculation using:

1
ZMEIM = Rt + 2.22
patch patch ] @ Cpatch 4 ( )
D-w
Rpatch = P(D — ZU) T (223)

As for the losses for the wire grid, these haven’t been yet addressed in the literature.
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patch load 1]

Lumped loads

(a) (b)

Figure 2.4: (a) Periodic array of patches with lumped loads and (b), equivalent circuit of the loaded
patch array.

214 Grid of Loaded Rectangular Patches

Until this point it was shown that periodic structures possess complex grid
impedances. The next logical step would be to try to load this complex impedance
with some lumped components to alter this impedance. An example can be seen in
Fig. 2.4 where the patch array is loaded with lumped loads. In [56], the author states
that the grid impedance of such a periodic array becomes the equivalent circuit of a
parallel connection of the grid impedance of the periodic structure, in this case the
patch array, and the impedance of the loads (Z,,4) times the periodicity of the grid
(D).

Zg = Zpatch Il (D Zioaa) - (2.24)

2.1.5 Artificial Impedance Surfaces

In many antenna and waveguide applications, it is desirable to have a surface
with a specific surface impedance. Imagine an antenna located near a metallic
structure, like an antenna on an aircraft. A common dipole in this case will suffer
greatly since the reflected power from the metallic surface will cancel out with the
radiated power in the FF. Lets look at the reflection coefficient of a normally incident

electric field on a surface:

R, = . (2.25)
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Here, Z, is the surface impedance and 7 is the free space impedance. For a
perfect electric conductor, Z; = 0 and R, = —1. For a perfect magnetic wall, Z; = oo,
and the R, = 1. A surface with R, = 1 could solve the problem of the dipole over
the metallic structure, since the reflected power will not cancel out in the FF. This
was traditionally done with a magnetodielectric layer of thickness d positioned on a
metal ground plane, as in Fig. 2.5.

The input impedance seen at the upper surface by normally incident waves is

given by [58]:
Zy + Zy tanh (yd)
Zs=17 2.2
°Zo + Zy tanh (yd) (2.26)
The load impedance (Z,,) can be calculated using the:
Z,=Tp, (2.27)

where T and p are the thickness and the resistivity of the metal used in the ground

plane, respectively. The substrate impedance Z, can be calculated using;

Zo = \/g (2.28)

Since most cases the electrical properties of the substrate is provided by the man-
ufacturer with two parameters the relative dielectric constant (¢,) and loss tangent

(tan 6), which can convert to ¢ using:

e=¢"+je” = goe, + jege, tan o. (2.29)

The propagation constant y can be found using:
y=a+jp. (2.30)

Here, a is the attenuation constant and f3 is the phase constant:

’ N2
a:a)\“zg 1+(‘Z—,) ~1 (%) (2.31)
B ue’ e\ rad
,B—a)\ > 1+(?) +1 (7) (2.32)

For a magnetodielectric layer where the attenuation constant (a) is negligible,

the surface impedance of the artificial impedance layer can be approximated using:
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Figure 2.5: Artificial impedance created from with a thick magnetodielectric with parameters ¢, u

and d placed over a metal ground plane.

Zs = j\/gtan (a) \/Ed) = jn tan (z%d) . (2.33)

Atd = A/4 the impedance tends to joo, realizing a magnetic wall. Another way

to realize a magnetic wall is shown in [56], where a thin dielectric layer is placed
between a capacitive grid and a metal ground plane, as shown in Fig. 2.6(a).

In this case, the dielectric layer is much smaller than the wavelength, and the

inductive impedance of the dielectric layer using the ground plane can be approxi-

mated with Z;,; = joud. By this approximation, the inductance of the impedance is

equal to:

Lind = [Jd (234)

This total surface impedance of the artificial impedance structure is then the

parallel connection of Z;,; and the grid impedance of the top patches (see Fig. 2.6(b)).

Zs = j(ﬂud " 1/(j(’)cpatch) o
¥

A
e |d N Zpatch Zing
\ 4

Metal ground plane

(a) (b)

Figure 2.6: Artificial impedance created with a thin dielectric layer (a) structure of metal patches over

a dielectric layer with a metal ground plane (b) circuit equivalent.
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D ‘/ Lumped loads

Figure 2.7: Artificial impedance surface loaded with lumped loads.

_ joud
P 1-w?Coud

This parallel connection of an inductive impedance with the capacitive impedance

(2.35)

of the patches will have a resonant frequency. At the resonant frequency, where
wo = +[l/c,ud, the imaginary part of the surface impedance tends to infinity. This
property is particularly useful, but it is limited to a narrow frequency bandwidth.
By loading the artificial impedance surface with lumped loads, as can be seen in
Fig. 2.7, one can alter the surface impedance of the surface. The surface impedance
in such a loaded artificial impedance surface is approximately calculated by the
parallel circuit connection of the grid impedance of the patches (Z,;), the inductive
impedance of the substrate (Z;,4) and the effect impedance of each load (Z;y4) times

the period of the array (D) :

Zs = Zpatch Zina Il (DZioaa) - (2.36)

With this, the derivation of (2.36), the basic understanding of the operation of a
loaded unit cell was presented. This principle of operation, is subsequently used to
analyze the structures in this work. For a better understanding of the implementation
of the load Zj,,; by an integrated circuit, some background information on ICs and

their component palette are presented in the next section, Section 2.2.

2.2 Integrated Circuits

The design of integrated RF and MW circuits involves the use of both passive

and active components. The operation of such components needs to be understood
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Figure 2.8: Cross-section of a typical integrated circuit technology structure. Multiple metal layers
are used (Mr-Mr_y) in all integrated circuit semiconductor technologies. Optionally a capacitor-top-

metal (CTM) layer is provided.

in detail in order to obtain a functional circuit design. Modelling of such IC compo-
nents can be found in the literature, and every process design kit (PDK) has adapted
these models to accurately describe its own components in a particular foundry’s
technology. This is because each IC process uses different semiconductors, semi-
conductor doping, conductor materials etc. This model adaptation, is often done
within a specified frequency and voltage range for a small number of component.
Their components, which are available to the IC designer, are often referred to as the
component palette. Mainstream IC design is implemented on a semiconductor sub-
strate on which the active and some passive components are manufactured. Various
semiconductor types are commercially used, but this thesis focuses only on an eco-
nomically affordable silicon semiconductor process. On this silicon-semiconductor
substrate, metal layers are manufactured. Many metal layers are used to accommo-
date routing of the internal power, digital and RE/MW signals. These metallizations
are connected with vertical vias and are separated with isolation layers which are
usually implemented with oxides of the semiconductor (for example if the semi-
conductor is silicon, Si the oxide will be SiO, ). A simplified vertical cross-section
of an IC showing the metallization, vias and substrate can be seen in Fig. 2.8. The
manufacturing of an IC with such a cross-section involves multiple sequential steps

of photolithography and chemical processing.

Historically, the mainstream silicon IC technologies were driven by the digi-
tal circuits market and their need for circuit miniaturization and increase in logic
complexity. This, left the RF and MW circuit component palette somewhat limited.
Small additions have been made recently to this palette by adding specialized RF

components in the PDK. Some of these components need additional manufacturing
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steps. For example, passive metal insulator metal (MiM) capacitors use a capacitor-
top-metal (CTM) layer as their one terminal. This layer is between the top metal
layer (M) and the metal layer below it (Mr_; see Fig. 2.8). This is implemented to
provide an even smaller component footprint and increase the capacitor’s quality
factor. Even so, both passive and active RF/MW components possess limited per-
formance compared to their discrete non-integrated component counterparts. One
might ask in this case what is the point to implement RF and MW circuits in silicon
technologies. The advantage of having a small form factor and integrating both
RF/MW circuits with analog and digital circuits can increase a system’s performance
and reduce the overall cost. In the next subsection, the models of major passive
and active integrated circuit components are examined, to understand where the

limitation of these components arises.

2.2.1 Passive Components

Resistors in packaged form can be found with low tolerances and in all sorts
of power rating. On the contrary, the integrated resistors are usually implemented
with polysilicon or most commonly referred to as “poly”. This is the polycrystalline
form of silicon which has a fairly high conductivity, but is still less conductive than a
metal. This results in the resistance range from this material to be in the moderately
low-value range. These resistances are often calculated by knowing the geometry of
the resistor and the resistivity of the material. The resistivity depends on the doping
(if there is any doping) and composition. Often the resistance tolerance of such a
device is approximately 35% and for RF/MW poly resistance the resistance tolerance
is very loosely placed in the 50% range. The temperature coefficient of such a resistor
is in the neighbourhood of 1000ppm/°C.

Another aspect of such resistors worth mentioning is that they always have
a parasitic capacitance to the silicon substrate. This capacitance is caused by the
physical geometry of the device, and it makes the polysilicon resistance essentially
a three terminal device. This parasitic capacitance is fairly low, but can cause the
resistance to short-circuit to the substrate at higher frequencies.

In the standard IC processes, the lack of good inductors is the most obvious
shortcoming. An octagonal-planar-spiral inductor can be seen in Fig. 2.9(a). These

are implemented usually on the top metal layer (Mr) where the thickness of the
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Figure 2.9: Octagonal-planar-spiral inductor. (a) three dimensional view can be seen and in (b), the

lumped circuit model [59, 60].

metal is usually thicker. The metal below the top metal layer (Mr_) is also used
to wire the second terminal (T;) to the boundary of the device. A metallic ring
is often placed around the inductor on the first metal layer (M;) to act as a noise
isolating shield. In the past, rectangular-planar-spiral inductors were the norm, but
since then octagonal-planar-spiral inductor have been adapted since they possess a

higher quality factor.

The equivalent lumped circuit model of a planar spiral inductor can be seen in
Fig. 2.9(b). The model, contains many parasitic elements and it is far from ideal.
Although the calculation for the parasitic elements varies between rectangular and

octagonal inductors, the model shown in Fig. 2.9(b) can still be adapted.

In the lumped model in Fig. 2.9(b), the inductance (L;) is in series with the
resistance (R;) that models the resistive losses from the conductor. A capacitance
(Gs) is placed in parallel to the inductive and resistive component. This capacitance
is caused by the capacitance between the turns of the inductor. Two capacitances
are placed in parallel to model the oxide effect (C,,), which is below the inductor.
In series with these capacitances a parallel resistance (Rs;) and capacitance (Csg;)
connection is placed to model the losses and capacitance effect caused by the lossy
silicon substrate. This parasitic elements are not negligible since the planar-spiral
inductors have a large size and are close in the vicinity to the silicon substrate. With
the contribution off all these parasitic elements, the overall quality factor of IC planar

spiral inductor is around 20, and their self-resonant frequency is relatively low.

Capacitors in mainstream IC technologies can be made with all the interconnec-
tion metal layers. Metal structures in this maner can form parallel-plate capacitors.

Although this is straight forward, using these metals will result in a larger compo-
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Figure 2.10: Passive capacitor types found in IC technologies. (a) Metal insulator metal (MiM)
capacitors and (b), Metal oxide metal (MoM) capacitors [60,61].

nent size for a given capacitance. In order to further reduce the component’s size
MiM capacitors and metal oxide metal (MoM) capacitors [60,61] are preferred in the

mainstream IC technologies. These types of capacitors can be seen in Fig. 2.10.

MiM capacitors (Fig. 2.10(a)) are essentially parallel plate capacitors which use
a dedicated CTM layer which is insulated from the bottom plate of the capacitor
with a much thinner oxide layer. This oxide layer is 20 times thinner than regular
oxide layers. With the oxide layer thickness reduction, these capacitors are much
more compact, but with the compromise of having a smaller breakdown voltage.
MoM capacitors (Fig. 2.10(b)) are similar to interdigitated capacitors used in MW
designs. These capacitors offer a larger capacitance per area due to their increased
area with relatively higher break down voltage. Many metal layers can be used in
these capacitors to further increase their capacitance. MoM capacitors posses on the
other hand higher parasitic inductive components, which makes their self resonant

frequency lower compared to MiM capacitors.

The models provided with the PDK are often accurate for passive components,
but with an optimistic quality factor. For passive components, like planar inductors
and MiM/MoM capacitors, one can simulate their response using full-wave simu-
lators, such as ANSYS HFSS™ software. Information in the PDK can be found on
the layer’s material and thickness, which make this possible. Unfortunately, in the
majority of PDKs the oxide layer’s dielectric constant might be provided without
any information for the losses in the dielectric. In this case extra design step can be
taken to measure the dielectric constant of the oxide layer before simulating these

components.
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2.2.2 Active Components

A variety of active components can be found in common IC processes. The ma-
jority of these components are variations of the classic metal-oxide-semiconductor
tield-effect transistor (MOSFET). MOSFET implementations of both variable resistors
(varistors) and variable capacitors (varactors) can be found in most PDKs.

Implementing a varistor with a MOSFET is straight forward. By applying a
gate-to-source voltage the resistance between drain and source (r4) can be set. One
can recall that this resistance for a long channel MOSFET in the triode region can be

calculated with [60]:
W -1
Tas = (‘UeCoxI (Vgs = Vr) = VDS)) s (2.37)

A MOSFET varistor is relatively small in size and possesses a small parasitic ca-
pacitance but it has loose tolerances, because it depends on the mobility (u.) and
threshold Vr. Similarly, the device is also temperature dependent because of the
mobility (u.) and threshold voltage V1 are temperature dependent. Furthermore,
the device is nonlinear since it is not only dependent on the gate source voltage
(Vgs), but it is also dependent on the drain source voltage (Vps).

A MOSFET type varactor’s cross section can be seen in Fig. 2.11(a) and its
lumped element model can be seen in Fig. 2.11(b). The MOSFET type varactor uses
a n* drain and source diffusion in an n-well, while combining the drain and source
to a terminal (the bulk (B)). These types of varactor’s tunable operation is granted by
the attraction and repulsion of electron carriers in the n-well, which will essentially
increase or decrease the bottom part of a parallel plate capacitor’s plate below the
gate (G). The thin isolating oxide layer below the gate (G) grants MOSFET type
varactor devices much larger capacitance for a given area compared MiM and MoM
capacitors. This oxide layer has a fairly low break down voltage but the advantage
of these types of capacitors is that they are tunable [60, 62].

Two lumped models are used for this device operation. One for the depletion
region (Vg < Vip), and one in accumulation (Vg > Vip) (Fig. 2.11(b)). One can and
choose the appropriate lumped element model when calculating the components
values [60]. This devices are often stacked together and connected in parallel to
create a new components with a much higher capacitance.

In the model there is a silicon resistance(Rg;) and capacitance(Cs;), and a diode

(D) that is formed between the n-well and the P-type substrate. Parasitic induc-
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Figure 2.11: MOS varactor. (a) Cross section of MOSFET varactor and (b), lumped circuit model
[60, 62].

tance and resistance are used in the lumped circuit model to model the connection
losses in both the bulk (R, Ls,,) and gate (Rgy, Rgy, Lgy) terminals. The tunable ca-
pacitance (Cgp;) is in parallel with a fringing field static capacitance (Cy,). In the
n-well there are losses which are accounted for by the accumulation (R, Ry) and
depletion (R,;) operation. These losses are dependent on the geometry and doping
of the channel and therefore they can be minimized. One can reduce the distance be-
tween the gate and the bulk and reduce these losses and in turn increase the quality
factor of the varactor. This distance is often referred to as the gate length and is often
set to the minimum resolution for the given technology. A significant portion of the
resistance though is attributed to the lightly doped n-well contact region (Rj.), and
its not dependent on the gate length and thus provides the limiting factor for the

varactor’s quality factor.

2.3 Measurement Techniques

For the development of the IC-equipped MSF, multiple RE/MW measurements

were needed to be performed. From the validation of the IC’s components, to
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the measurement of the far field (FF) of the MSF. This section is meant to provide
the necessary background information to understand the terminology for on-wafer,

connectorized and antenna measurement techniques.

2.3.1 RF and MW Measurement Techniques

RF and MW measurements for an IC design are implemented in all the design
stages. On-wafer measurements are initially performed before the IC is packaged.
These on-wafer measurements are meant to test the functionality of an IC design
with possible probe access to its sub-circuit components. This design step mitigates
the risk and catches potential faults early in the design cycle, and subsequently
reduces the cost of a product. These on-wafer measurements are also used by the
foundries for characterizing the RF and MW components used in the PDK.

The final measurements are implemented when the IC design has been pack-
aged. In order to perform these measurements the IC is soldered to a PCB from where
a coaxial interface is also soldered. An example of a two-terminal surface mount
device (SMD) measurement can be seen in Fig. 2.12(a). Any waveguide structure can
be used to connect the SMD to a coaxial interfaces from which the vector network
analyser (VNA)'s cables can be connected. This particular example uses a coplanar
waveguide with ground (CPWG).

A measurement from the VNA will be a measurement of all the components
connected to it, a cascade of the cables, coaxial connectors, on-PCB waveguide and
the device under test (DUT), in this case the SMD. The response of the cables can
be calibrated out with the use of coaxial standards. This will bring the reference
plane up to the coaxial connectors. The remaining effect of the connectors and
waveguides will remains in the measurement and their affect is not negligible. In
order to remove this effect and move the measurement plane to the device plane,
one can design and use PCB standards and perform a calibration to obtain DUT
response. Calibration standards can be manufactured for short-open-load-through
(SOLT), line-reflect-reflect-match (LRRM), line-reflect-match (LRM) and thru-reflect-
line (TRL) calibrations. The mathematical calculations of such a calibration is often
implemented in the VNA software. Such calibration procedures are susceptible
to the variations between standards and the precise load value. Although these

procedures might be simple, special cases exist where a two-tier methods are used.
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Figure 2.12: A device under test in its measurement structure for (a) connectorized measurement,

and (b) on-wafer measurement. The measurement and device plane is shown in both structures.

In these methods the first step involves a calibration to remove the cable effect and
then extra structures are used to move the measurement plane to the DUT plane.
This extra step is often called de-embedding.

Specific techniques have been developed for on-wafer measurements, like any
other RF and MW measurement technology. Often the techniques used in one
technology can be transferable to other technologies (for example from on-wafer
to packaged PCB measurements) with some adaptation. The methodology in both
cases requires a priori knowledge of the device under test (DUT) and its operation.
Special structures are designed for the measurement of a device. These structures
are used to connect the DUT to the measurement apparatus.

The apparatus involves a VNA, special needle like probes, and coaxial cables
to connect the VNA to the probes. When an active device needs to be measured,
bias-Tee components are needed, which are often built-in to the VNA.

The probes and cables can be calibrated out from the VNA measurement, just
like any other RF and MW measurement. The calibration even follows the same

mathematical formulation, but differs in the calibration standards, which are pla-
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nar and needs an additional alignment procedure compared to its coaxial counter
parts. Planar standards often provide standards for SOLT, LRRM, LRM and TRL
calibration.

A measurement at this point will include the connectors’” response, and its
measurement plane is at the tips of the needle like probe (see Fig. 2.12(b)). This
measurement is often termed a RAW measurement. The metallization used to
connect the DUT to the probe will effect the measurement, and its response is not
negligible, even though these structures are electrically small. In order to move the
measurement plane to the device plane or in short de-embed these structures on the
left and right of the DUT from the measurement, special structures, or de-embedding
structures are used. One might ask why not use the same mathematical formulation
used in the calibration procedure. The answer is that the calibration procedures
(except TRL [63]) involve precise loads which are hard to obtain in the mainstream
IC technologies. This difficulty in obtaining precise load standards was the drive to

develop new procedures, as outline below.

2.3.1.1 Open-Short De-embedding

The open-short (OS) de-embedding procedure is the simplest procedure [64,
65]. The mathematical formulation for this procedure is identical for on-wafer and
packaged measurements. An example measurement structure used to measure
the RAW S-parameter data for a two-port on-wafer measurement can be seen in
Fig. 2.13(a). The measurement structure contains two GSG pads. The grounds in
this structure are connected to enclose the DUT (in this example the MoM capacitor).
The signal pads are connected to the terminals of the MoM capacitor. Often this
connection is implemented with tapered lines to increase the measurement frequency
bandwidth. These capacitors often have a guard ring, which is the implemented in
lower layers, this ring is again connected to the ground pads.

An example structure to measure the RAW S-parameter can be seen in Fig. 2.13(b).
The structure is very similar to the on-wafer case. Here the DUT is a simple SMD
and it is connected to a coplanar waveguide (CPW). The CPWs extend to the edge
of the PCB, where they connect to the RF connectors. Other types of PCB transmis-
sion lines (TLs) can be used for this purpose, like microstrip and coplanar stripline

and many types of connectors and they will all go through the same mathematical
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Figure 2.13: RAW examples structures used for, (a) on-wafer, (b) packaged measurements, and (c)
their equivalent lumped circuit model. In (a) a MoM capacitor is used as the DUT and in (b) an SMD

component.
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Figure 2.14: OPEN device examples for (a) on-wafer, and (b) package measurement. (c) The equivalent

lumped circuit model of the OPEN devices.

analysis show in this section.

Alumped element equivalent of the measurement structures shown in Fig. 2.13(a)
and Fig. 2.13(b) can be seen in Fig. 2.13(c). The DUT in the middle is connected to
a network of complex impedances (Z) and admittances (Y). These impedance and
admittance values are dependent to the overall structure used to connect the DUT.

These impedances and admittances are measured with the use of two de-
embedding structures. The admittances are obtained from an OPEN device shown
in Fig. 2.14(a) for on-wafer measurement, and an OPEN device shown in Fig. 2.14(b)
for packaged measurements. These devices are basically the structure in Fig. 2.13(a)
and Fig. 2.13(b) but without the DUT. The equivalent lumped circuit model of the
OPEN device can be seen in Fig. 2.14(c).

The impedances are obtained from a SHORT device, shown in Fig. 2.15. In
Fig. 2.15(a) a SHORT device is shown for on-wafer measurements and in Fig. 2.15(b)
a SHORT device is shown for packaged measurements. These devices are identical

to the structures in Fig. 2.13(a) and Fig. 2.13(b) but with a metal where the DUTs
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Figure 2.15: SHORT device examples for (a) on-wafer, and (b) package measurement. (c) The
equivalent lumped circuit model of the SHORT devices.

used to be. This effectively shorts the signal pads to the ground. The equivalent
lumped circuit model of the short device can be seen in Fig. 2.15(c), and it contains
both the admittances and the impedances.

These three structures (RAW, OPEN and SHORT) are measured and the obtained

S-parameter have the following format:

- [sn (f) S (f)}, 239

San(f) Sn(f)

where the dependency in frequency (f) is discrete. These S-parameters can be
transformed into Z-, Y-, T- and ABCD-parameter matrices [58,66] and these matrices
properties can be exploited for the sake of the de-embedding procedure. The first
step to the open-short (OS) de-embedding is to remove the admittances. This is done
by converting the RAW’s S-parameter to Y-parameters. A simple subtraction of these
two Y-parameter will remove the admittances and a new Y-parameter with open de-
embedded is obtained, Ypo. Since the same shunt admittance is also present on the
SHORT equivalent circuit, the SHORT device is also converted to Y-parameters to

perform the same subtraction and obtain Yso:

Ypo = Yraw — Yoren, Yso = Ysuorr — Yoren (2.39)

The final step involves converting the Y-parameters to Z-parameters obtained
from (2.39) to obtain Zpp and Zso. The subtraction of these two, will result in the
Z-parameter of the DUT (Zpur).

Zpur = Zpo — Zso (2.40)
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Figure 2.16: RAW examples structures used in the through de-embedding for (a), on-wafer and (b)

packaged measurements. (c) Their equivalent lumped circuit model.
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Figure 2.17: THRU examples structures used in the through de-embedding for (a), on-wafer and (b)

packaged measurements. (c) Their equivalent lumped circuit model.

This Z-parameters can be converted now into any other parameter to be processed.
This procedure can be easily converted to one-port de-embedding procedure [67],

and even improved [68].

2.3.1.2 Through De-embedding

Through de-embedding needs only one de-embedding structure, and it is con-
ceptually a simple procedure [64,69]. For this procedure, the DUT is embedded
in two connectors that have complete symmetry. An example structure of on-
wafer measurements can be seen in Fig. 2.16(a) and for packaged measurements in
Fig. 2.16(b). The connectors are modelled with a shunt admittance (Y) and series
impedance (Z) on both sides of the DUT, as can be seen in Fig. 2.16(c).

The de-embedding structure in this procedure, the THRU, (Fig. 2.17(a) and
Fig. 2.17(b)) is the RAW structure with the DUT removed while directly connecting
the two signal traces in the middle and without changing the trace length. In the
same way the THRU equivalent lumped circuit model (Fig. 2.17(c)) is the same as
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the RAW equivalent circuit model with the DUT shorted in the center.

The RAW in the procedure is treated as a cascade of three components, the left
branch (LEFT), the DUT and the right (RIGHT). This cascade can be mathematically
expressed using either ABCD- or T-parameter matrices and subsequently takes the

following form:

Traw = Trerr X Tour X TrigHT, (2.41)

while the THRU structure is only the cascade of the left and right branch will take

the following form:

Traru = Trerr X TrigHT- (2.42)

One can imagine that the easier way to obtain the T} grr or the Tricyr would be
Tierr = Trigar = VITHRU, DUt this would enforce that both are equal and symmetri-
cal. A better approach involves the conversion to Y-parameters. The Y-parameters

of the THRU are:

Yll Y12

YTHRU = s (243)

Y21 Y22

which can be easily converted to the Y parameters of the left and right branch with:

Y- Y, 2Y
YLEPT = 7 (244)
2Y12 _Y12
oY,  2Yp,
YrigaT = . (2.45)
| 2Y12 Yll - YlZ

The Yigrr and Ygrigur can be now converted to the T-parameters and the DUT T-

parameters can be obtained with the following equations:
Tour = Tiipr X Traw X Trigyr- (2.46)

The through de-embedding procedure can be easily calculated, and only needs one
de-embedding structure which saves space. Its simplicity though comes with its
shortcoming of not having a way to adjust the reference plane, and therefore it relies

heavily on the design of the THRU structure.

2.3.1.3 Open-Short-Through De-embedding

A combination of the aforementioned de-embedding techniques (OS and Through)
is the open-short-through (OST) de-embedding technique [64,70]. In this proce-

dure, the connectors,which are represented with a shunt admittance and a series
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Figure 2.18: Raw devices for OST de-embedding for (a) on-wafer, and (b) for packaged measurements.
(a) and (b) show individually all the components, the connectors (CON, and CONg) , the transmission
lines leading to the DUT ( TL; and TL,) and the DUT.(c) Cascade representation T or ABCD matrices
of the RAW device.

impedance, are de-embedded first. The next step is to de-embed the transmission
line that connects the on-wafer pads or connectors (CON.) to the DUT.

The RAW devices for an OST de-embedding can be seen in Fig. 2.18(a) and
Fig. 2.18(b) for on-wafer and packaged measurements. The device is considered to
consist of a cascade of connectors (CONs) and transmission lines (TLs) to connect
to the DUT, which will be de-embedded using their corresponding de-embedding
device. A network representation of this device can be seen in Fig. 2.18(c). This

network can be expressed mathematically using ABCD parameters matrices with:

RAW = CON; x TL; x DUT X TL, X CON. (2.47)

The CONs T-parameters are formulated by measuring the OPEN (Fig. 2.19(a)
& Fig. 2.19(b)) and SHORT (Fig. 2.20(a) & Fig. 2.20(b)) devices. Similarly to the OS
procedure, the S-parameters are transformed to Y- and Z-parameters. The equivalent

lumped element circuit model of the OPEN and SHORT devices can be found in
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Figure 2.19: Example for OPEN device used in the OST measurement procedure for (a) on-wafer and

(b) packaged measurement. In (c) their equivalent lumped circuit model is shown.
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Figure 2.20: Example of SHORT device used in OST procedure for (a) on-wafer and (b) packaged

measurements. (c) SHORT’s equivalent lumped circuit mode.

Fig. 2.19(c) and Fig. 2.20(c) respectively.
The shunt admittance (Y;) of the CONSs can be extracted from the OPEN device’s
Y-parameters using :

Ys = Yii0pen + Y120PEN- (2.48)

In order to obtain the series impedance (Zs,) of the CONSs, the intermediate Zp matrix

is calculated from the OPEN and SHORT Y-Parameters using:
Zp = (Ysrorr — Yopen) - (2.49)
Then the series components is isolated by :
Zser = Z11p — Z12D- (2.50)

The CONs ABCD matrices can be formulated using:

ZSE?’
CON; = , (2.51)
Y, 1+Z,Y,
1 + ZSE}’YS ZSEI’
CONg = . (2.52)
Y, 1
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Figure 2.21: THRU device used in OST procedure for (a) on-wafer and (b) packaged measurements.

(c) THRU's equivalent cascade of ABCD matrices.

The THRU devices as shown in Fig. 2.21(a)and Fig. 2.21(b) are conciser to be a
cascade of the CONs and a transmission line (TL) as shown in Fig. 2.21(c). This can

be represented with a cascade of ABCD matrices:
THRU = CON;, X TL x CONk. (2.53)

With the CON parameters already known, one can solve for the ABCD parameter of
the TL using;:
TL = CON;' x THRU X CONg'. (2.54)

The characteristic impedance (Z.) and the propagation constant ()) of the TL

can be found from the S-parameters of the TL (S7.) using:

2
7 +ZO (1 + SllTL) - SngL (2 55)
(1 - SllTL)2 - SngL
1 1- S%lTL + S%lTL N
Yy = -7 In [( 25,71 + K) , (2.56)
where K can be found from:

K J (1 — Shm ¥ S%lTL) — (2Sum)’ (2.57)

B 2S7.)? '
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Then the ABCD matrices of a TL of any physical length (/) can be formulated using:

cosh(yl)  Z.sinh(yl)
TL=|1 : (2.58)
A sinh (yl)  cosh (y])

TL; and TL, can be formulated by replacing the physical length (/) with their
corresponding physical length. Finally, with the obtained the TLs and CONs ABCD

parameters, now can be removed from the RAWs ABCD parameters to obtain the

DUT response using:
DUT = TL;' X CON;' x RAW x CONg' x TL;* (2.59)

One can infer from this analysis that the CONs are considered as lumped ele-
ments while the TL are distributed elements. This assumption enforces in the design
of the de-embedding structures that the OPEN and SHORT device should be elec-
trically small, while the THRU device should be relatively large. This makes the
occupied on-wafer area required for this de-embedding procedure to become large
and relatively costly. That being said, the size might not be an issue when this tech-
nique is used for packaged component measurements. Furthermore, the admittance
term Y, in Fig. 2.19(c) and the impedance Zs in Fig. 2.20(c) are omitted in the OST
procedure, so great care should be taken in the de-embedding structure to minimize

these components.

2.3.1.4 L-2L De-embedding

The length - 2 length (L-2L) is a distributed de-embedding technique involv-
ing two transmission-line-based de-embedding structures [64,71-73]. An on-wafer
measurements example RAW, and de-embedding structures for L-2L can be found
in Fig. 2.22. The RAW (Fig. 2.22(a)) is symmetrically embedded in two transmission
lines (TLs) and two connectors (CONSs). Subsequently, this cascade of the RAW

structure can be expressed with T-matrices and has the following form:
RAW = CON x TL x DUT x TL x CON. (2.60)

The two transmission-line de-embedding structures used in this procedure are also
a cascade of CONs and TLs. The 2L (Fig. 2.22(b)) structure consist of by CONs and
two TL sections, while the L (Fig. 2.21(c)) consist of CONs and only one TL. The 2L

and L structures can be expressed with T-matrices with:

2L = CON x TL x TL x CON, (2.61)
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Figure 2.22: Example structures for L-2L characterization of a MoM capacitor (a) RAW device for
L-2L, (b) 2L and (c) L.

L = CON x TL x CON. (2.62)

Similarly one can design the electrically equivalent structures with a PCB technology
for packaged component measurements. Example structures for RAW, 2L and L can
be found in Fig. 2.23. In contrast with the OS and OST methods the L-2L method
considers that the CONs are distributed elements. The CONSs in this case can be

extracted from the L and 2L T-parameters using;:
CON = VL x2L ' x L. (2.63)

After obtaining the T parameters of the CONs, one can remove them from the L

structure’s T-parameter to get the TL's T-parameters using;:
TL=CON™ xLxCON™! (2.64)

Finally, with the CON and TL'’s T-parameters obtained, now the DUT’s response can

be calculated using:

DUT = TL™' x CON™! x RAW x CON~! x TL™* (2.65)
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Figure 2.23: Example structures for L-2L characterization of a two port SMD, (a) RAW device for
L-2L, (b) 2L and (c) L.

2.3.1.5 TRL Calibration

The measurement methods described prior in this section were a two-step pro-
cess which required that a calibration would be performed to move the measurement
reference plane to the probe tips or the end of the coaxial cables. From there, the
DUT response would be extracted from the RAW measurement with the use of
de-embedding structures and mathematical manipulation of all the measurements.

The TRL method doesn’t require any prior knowledge of the calibration stan-
dards and doesn’t need any precise load. This make this method desirable for
on-wafer and packaged measurements. The method’s disadvantage is that it relies
on the LINE standard to sets the characteristic impedance of the measurement.

Example structures for TRL calibration can be seen in Fig. 2.24. Three calibration
standards which are used are the THRU (Fig. 2.24(b)), the REFLECT (Fig. 2.24(c))
and the LINE (Fig. 2.24(d)). Depending of the physical length of the calibration
standards and namely the lengths /; and I, the reference plane will be moved by this
distance in the RAW measurement (Fig. 2.24(a)) .

When the TRL procedure was first presented in 1979 [63], it involved manip-
ulations of R-parameters which are not commonly used today. R-parameters are

essentially T-parameters where the individual matrix entries are interchanged (see
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Figure 2.24: On-wafer structures for TRL calibration (a) RAW device, (b) THRU,(c) REFLECT and (d)
LINE.

(2.66)). Furthermore, the algorithm relies on choosing the correct solution from
quadratic equations depending on the type of reflection standard used. This makes

the implementation of this algorithm particularly difficult.

R Ri1 Rz ’

Ry Ry (266)
T - Ry Ry

Rz R

For the sake of completion, the TRL calibration algorithm with the use of T-parameters
is described in this section. Furthermore, the criteria used to choose the unknown
terms for an open reflect standard are presented in a pseudo-code manner. The
RAW measurement (Fig. 2.24(a)) can be mathematically expressed as a cascade of
T-parameters:

Traw = Trest X Tour X Trights (2.67)
where Tr.; and Trign are the T-parameters of the left and right connectors to the
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DUT. In this case the connectors are a contribution of CONs and TLs. Similar
to the Through de-embedding procedure, the DUT can be expressed with inverse

multiplications of the T-parameters :

Tpur = T; !

ropt X Traw X Tr; (2.68)

ight*

The solution begins by writing the T;.¢ and Trig, as:

t11 t2 1 ¢
Trepr = =tn :
tr1 tx a
: (2.69)
T11 T2 1 V4
Trignt = =11 .
To1 T2 ﬁ aj

Where the parameters in (2.69) are unknown (t11, 4, b, ¢, 711, &, B, ). Their inverse
matrices can be expressed as:
L1 1 [ a —c

Leftzaa_bc b1
- (2.70)

a1 1 a -y
Right — T1104—ﬁ)/ —5 1 .
The DUT’s T-parameters can be found by substituting (2.70) into (2.68). There are
eight unknown terms (2.71), nevertheless, it is only necessary to find seven quantities

p

c
b/ EI E, 7// t11T11, aaandezyl)

1 1 1 1 a —c
Tpur = o Hl bc B {—b . ]T
—b-1_

wl _y] 2.71)
_ﬁ ]_

a
The THRU and the LINE standard can be expressed with T-parameters similarly to
the DUT:

Traru = Treft X Tright,

(2.72)
Trine = Trest X Tro X TRight-
An intermediate matrix T; is calculated by:
T; = Trne X Tﬁl{Ru = Tret X Trr. (2.73)

The transmission line matrix Tr;, is considered to be non-reflecting which helps form

c : .
a quadratic equation to solve for b and p The quadratic equation takes the form of:

A=Ti1,2),B=T(1,1)-Ti(2,2), C=-Ti2,1)

-B + VB2 -4AC 274)

K+ =
h 2A
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Up on analysis, it can be identified that for any well designed transition be-
tween coaxial transmission line, to any planar transmission line there will be small
reflections in the transition (|S22| <« 1,[511] <« 1). This will produce |b| < 1 and

c
pE 1. Therefore, the correct root is selected by:

if (K| < [KZ])
ek St
¢ R (2.75)
else
C 1
{b =K, 5= K—+}

. [ . C
By rearranging now the Trygry matrix and knowing b and - one can solve to
a

. B
find y and o

c
Soorrru + det(Staru) 7
YT ¢ 7
— O11THRU E (2_76)

E _ Stiraru — b
«  (bSxururu — det(Sturu)

Here, the term det(Stpry) is the determinant of the S-parameter matrtix of the THRU
calibration standard. Having calculated y and g, the term a can be calculated using

the quadratic equation:

(SllREF - b)(l + SZZREP g)(b SZZTHRU - dEt(STHRU))

a=+ — (2.77)

c
((SZZREF + 7/)(1 - (SllREF E)(l - SllTHRU E)

In order to choose the correct sign for 4, the reflection coefficients at each port are

calculated using:

S -b
Riy = 11REF ,
a — S11rRer a4 E
(2.78)
-b
Rip = S11REF

C
a S11REF E —a
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For an open ended REFLECT standard one can choose the correct sigh of 2 using:

if (|ZR1A| < g)

(2.79)

C .
With b, a and - solved, the term a can be now calculated using:

Q= bSyoraru — det(Strru)

c
a(l - SllTHRUE)

(2.80)

This leaves the final term 1,717 to be solved using (2.81):

T
tllTll = a;ZiHZ;j (281)

Finally, all the terms can be substituted into (2.71) to finalise the calibration.

2.3.2 Antenna Measurements

Antenna measurements are used to measure different characteristics of an an-
tenna, such as radiation patterns, efficiency, bandwidth, directivity, gain and po-
larization just to mention a few [74]. These measurements are often conducted in
anechoic chambers by measuring the transmission between two antennas. One ref-
erence antenna’s parameters are known, while the second antenna’s parameters are
extracted from the measurement. The antenna is measured at multiple angles on a
stage that can rotate.

The antenna’s measured parameters are typically required at the far field (FF).
The FF of an antenna is at a distance greater than the Fraunhofer distance (dr):

o

dF A,

(2.82)

where D is the largest geometrical dimension of the antenna and A is the wavelength
where the measurement is carried out. Therefore, the measurement distance should
be greater than dr. For electrically small antennas, a smaller wavelength would
make the Fraunhofer distance relatively small, but in the case where the radiating
element is electrically large, like in the case where the radiating element is a MSF,
the Fraunhofer distance becomes larger, which is impractical and even infeasible to

be accommodated in a FF anechoic chamber.
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Compact-range anechoic chambers are facilities that utilize multiple parabolic
reflectors to measure the FF of an antenna in a more compact range, and so they can
measure even larger antennas [75].

NF measurement systems are used to measure the near field of an antenna,
and then using analytical methods to transform it to the FF. Analytical solutions to
compute the FF can be found in the literature for planar [76,77], cylindrical [78] and

spherical [79] measurements.

2.3.2.1 Far Vs Near Field Measurements

Although NF measurements can characterize an antenna that would need a very
large anechoic chamber to be measured, they have inherent drawbacks. They require
the precise measurement over an area to compute the FF antenna characteristics,
which makes them significantly slower than FF measurements. The computational
time needed to compute the FF from the NF measurement is not negligible. Both
FF and NF measurement systems are prone to positioning errors and misalignment
errors, as they are both implemented with mechanical positioners and actuators.
For NF measurements, due to the more complex movements and larger number of
measurement one can argue that they are more susceptible to these types of errors.

In terms of complexity, NF measurement systems are far more complex than FF
systems, with the majority of the complexity located inside the implementation of
the NF to FF transformation. In the next subsections, the analytical formulation for
the NF to FF transformation is presented. It should be noted that the formulation

presented is without any probe compensation.

2.3.2.2 Planar Near Field to Far Field Transformation

Assuming that a source of an electromagnetic wave, e.g a horn antenna as shown
in Fig. 2.25 , is positioned at the axis origin, the radiated electric field (E) observed
at a distance z,,;. can be expressed as a function of the plane wave spectrum (PWS)

(F), [76,77]:

1 I .
E(x, Y, Zobs.) = 4_712f f F(kx, ky)e_](kxx+kyy+kzzobs)dkxdky, (2.83)

F(ky, ky) = f f E(x, Y, Zops. )/ E3hoyHezas) g gy, (2.84)
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Figure 2.25: Planar near field measurement of a horn antenna. Measurement points are shown with

red marker points.

In practice, the observation plane can’t extend to infinity, therefore it is trun-
cated to a finite surface, where X, < X < Xpey aNd Yiin < Y < Ypax iS Observed.
Furthermore, this finite surface now needs to be discretized using sampling steps
Ax and Ay. After the truncation and discretization of (2.83) and (2.84), they take the

following form:

N M
]- S(11 m n,m
E(ty, Yo Zos) ® 7 Z Z F(k, ki 6" Ak, Ak, (2.85)
n=1 m=1
P Q
B ) ~ Y Y ECty, Yo, Zows e TR0 20 Ax iy, (2.86)
p=1 g=1

where, K" = [k —k{ -k, k is the wavenumber in free space. Aky = 2/(xyu -~ xuin),
Aky = 2 f (e - yi). Q and P are integer numbers calculated by P = (e =%min)/ax + 1,
Q = Wm-ymn)/ay + 1. N and M are also integer numbers and are calculated by
N = ko —kain) Ak, + 1 and M = Kymex —kymin) [ak, + 1. The sampling steps Ax and Ay are
set to be 4/2 to avoid discretization errors. The electric far field (Efs) can then be

calculated with the approximated formula:

jkr

. e
Eff(r,0,¢) ~ jk.—F(ky, ky),
T (2.87)
= jkcos O eTF(k sin 0 cos ¢, k sin O sin ¢).
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2.3.2.3 Cylindrical Near Field to Far Field Transformation

The mathematical formulation for a cylindrical near-field measurement was
tirst reported in [78]. The grid for this measurement can be seen in Fig. 2.26, where
the measurement points are marked with red dots. These points surround a source,
in this case a horn antenna. These measurement points are located at a radius (7,.),
while the z-axis similarly to the planar measurement is truncated. It was shown that
the tangential electric components E; and E, on these measurement points can be

represented as a truncated summation of cylindrical waves [75,78,80]:

E¢(r0bs./ (Pp/ Zq) ~

N/Z_l M (2) -
Z Z [b (km) Z H(2 (Ll robs) ank;naai:(amrobs.) €jn¢p e—jk;”qukz, (288)

n=—Nf» m=1

Np—1

Exobs, §p2) Y Z[b (k) HO @ )| € AR, (2.89)

n=—Nj m=1

The truncated cylinder is quantized in A, = /k, and A, = /2 steps [78], where
1o is the minimum radius that can enclose the antenna under test (AUT) and A is
the wavelength. N is the number of calculated cylindrical modes, which is also
truncated to a finite number to reduce the computation time. The number of modes
is proportional to 7y and it is calculated by N = kr( + n1. n; is set to an integer value
between 5 and 10. kI is —7/a: < kI < 7/a.. M is the number of measurement points in
the z-axis direction (M = Kemax = kauin Ak, + 1). H,(f) is the Hankel function of the second
kind and order n with a” = \/kz—i(kz’”)2 . by(Kl") and a,(k}') are the cylindrical wave

coefficients and can be calculated using:

P-1 Q-1
bu(K7') = E.(Fobs., Pp, Zp)e "% e/, (2.90)
a’”H(z)(amrobs Ak, =5 ; Prr 2
1
a" (@7 ops. ) Ak,
’ ot o (2.91)
k — ;. Slm
b (krn) z H(Z)(g Tobs.)AK; —ZZE¢(robs_,¢p, Z,)e Iy ek |
p=0 g=0

The cylindrical wave coefficients ((2.90) and (2.91)) can be calculated using a
two dimensional discrete Fourier transform [78] or the matrix method [80]. Once the

cylindrical wave coefficients are obtained, the far field can be computed in spherical
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Figure 2.26: Cylindrical near field measurement of a horn antenna. Measurement points are shown

with red marker points.

coordinates using;:

—jkr Np—1 '
Eo(r, 0, ) = —j2k sin 0° Y j"bukcos 0)e™™, (2.92)
n=—N/
el ‘
Ey(r,0,¢) = —2ksin 0 Z j"a,(k cos 6)e?. (2.93)
n=-N/

2.3.2.4 Spherical Near Field to Far Field Transformation

Spherical near field measurements of a radiating source, in this case a horn
antenna, can be seen in Fig. 2.27. The measured electric field at a radius 7, can be

expressed as a truncated series of spherical vector wave functions [79,81]:

2 N n
B, 0,0) ~ kT Y Y Y QuunFlon (s, 0, 0), (294)

s=1 n=1 m=-n

where 1 = Viv/e, is the free space impedance or the impedance of the medium.
Qsmn 1s the spherical wave coefficient, and Fgf)m are the normalized spherical wave

functions.
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Figure 2.27: Spherical near field measurement of a horn antenna. Measurement points are shown

with a red marker point.

The normalized spherical wave function is calculated using:

1 )
M4 D) c ore )P (coS(O)e™6,

F © 0 (1) = 7
smn (robs./ ’ ) 652 korobs'
Ilgffl)(robs.)®smn(6)€j ¢ég (295)

+ (_1)5R§;‘2 (robs.)®s+1mn (9)€jm¢€:7,,

where Rgil) and ©;,,,(0) can be computed using:
1 d
3 kO robs.ZEf) (kO Tobs. )/

RO = ©) (k
o 651271 ( OrObS') + 652 korohs. 8(k0r0bs')

(2.96)

0. (0) = 6L P05 0) + 5,02 PM(cos ), (2.97)
sin O 00

and 0, is the modified Kronecker delta which is used to accommodate for parity,
(2.98)

1 sto
bur = 5(1+ (1))

The radial function z

the Bessel differential equation is used:
(spherical Bessel function)

(spherical Neumann function)
(2.99)

is specified by an upper index c to select which solution of

2 = j,(kr)

27 = n,(kr)
28 = HO(kr) = ju(kr) + jn,(kr) (spherical Hankel function of the first kind)

2 = HP(kr) = ju(kr) — jn,(kr) (spherical Hankel function of the second kind)

48



CHAPTER 2. BACKGROUND INFORMATION

Furthermore, P! is the associated Legendre polynomial of order m and degree n.

The spherical wave coefficient can be calculated using:

1
Qsmn = =, <
Psmn(robs.)
(2.100)
Y Y (Eotras, 01,0006 + Eg(rots., 01, 01)6p) Fo(Fass., 01, @) sin 01A0A,,
T
where Py, (7o45.) can be calculated using:
_ B 4t (n + |m|)! 5

The spherical wave coefficients can be used to compute the orthogonal electric
fields at any radial distance (r) greater than the minimum sphere (7,,;,) radius that can
enclose the source by substituting them into (2.94). In order to avoid discretization

errors, the sampling steps should be Ag = Ay = 27 /kr,..

2.4 Conclusion

Information in this chapter is used throughout this thesis. With the basic oper-
ation of each MSF unit cell the reader will be able to understand the operation of the
unit cells in Chapters 3, 4 and 6.In Chapter 3, the loading element (LE) design is pre-
sented, where the understanding of the difference between integrated and lumped
components is needed (Section 2.2). Similarly, the information of Section 2.2 is used
in Section 4.4 and Chapter 5. The information about measurements (Section 2.3) is
used throughout the thesis, in Chapter 3 and Chapter 4 for on-wafer measurements,
in Chapter 5 and Chapter 6 for connectorized measurements. The information for
antenna measurements (Section 2.3.2) is used in Chapter 6 and Chapter 7 for a bistatic

measurement and for a planar NF-FF transformation, respectively.
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Chapter 3

Toward an ASIC-Enabled

Programmable Metasurface Absorber

In this chapter the steps towards the implementation of a programmable meta-
surface (PMSF), enabled by a custom application-specific integrated circuit (ASIC),
are presented in detail. The ASIC is used to provide an adaptive and complex
impedance load to each of the PMSF unit cells. Various semiconductor technolo-
gies are analysed for the implementation of tunable complex impedance loading
elements (LEs) before one is selected for the final implementation, in which four
complex loads are placed within each ASIC, and each load is controlled by two
digital-to-analog converters (DACs). The LE is fabricated in the selected technology
using a multi-project wafer (MPW) run before a more costly full wafer prototype
attempt. The MPW produced forty dies which were used to experimentally validate
the LE operation. Furthermore, the ASICs populate the back of the PMSF to form
a mesh network to enable programmability. The chapter includes practical limita-
tions that affect the realization, in addition an example adaptive PMSF absorber that
builds upon the practical tuning range of the ASICs. Perfect absorption for both

transverse electric (TE) and transverse magnetic (TM) polarization is demonstrated.

3.1 Introduction

Metamaterials (MTMs) are composite materials that exhibit properties that are
not found in nature. A negative refractive index is one of the many exotic prop-

erties that MTMs possess. It was initially speculated in [1] and experimentally
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demonstrated in [2] that a negative refractive index can be realized when the elec-
tric permittivity and magnetic permeability are both negative. MTMs have also
demonstrated the ability to resolve beyond the diffraction limit in free space [4] by
designing the refractive index to be equal to -1, and cloaking by manipulating the
electromagnetic waves around an object [3]. These are just some of highlights of the
MTM properties. MTMs have since also been used to improve the performance of
countless components in RF/microwave and antenna design [6,7,9, 82].

Metasurfaces (MSFs), the two-dimensional versions of MTMs have gained
interest by researchers in the past decade. Like their three-dimensional counter-
parts, they have demonstrated many exotic properties, such as anomalous reflection
[12,13,83,84], perfect absorption [85] and non-linear reflection [35]. By loading the
MSFs with lumped elements, the MSF response can be altered [86]. These lumped
elements can be replaced with tunable varactors or varistors and create electronically
tunable MSF reflectors [21,87] and absorbers [88]. Other means of obtaining tunable
MSFs have been shown, like magnetic tunability [28], optical tunability [29] and
even by exploiting the optomechanical properties of poly disperse red 1 acrylate to
optically tune MSFs with a memory effect [30,31].

MSFs have demonstrated the ability to synthesize wavefronts through the in-
dividual design of their constituent unit cells. In [89], multi-beam reflection and
simultaneous polarization conversion was demonstrated. Isoflux patterns with
circular polarization were demonstrated in [90] and local multipoint distribution
service patterns were demonstrated in [91].

Dynamic wavefront manipulation was also demonstrated by PMSFs. Dynamic
scattering, focusing and polarization rotation was implemented in [32]. Dynamic
control of the modulation of the reflection phase resulted in accurate control of
the harmonic level of a non-linear reflecting PMSF [35]. PMSFs were utilized to
implement reflective [34] and transmissive [33] holograms in the microwave regime.

The conceptual design of this work was presented in [92], where individual
electronically tunable complex impedance MSF LEs, consisting of resistive and ca-
pacitive (RC) elements, were embedded in each unit cell to obtain a reconfigurable
multifunctional MSF. It was shown that by using this approach, continuous control
over the real and imaginary parts of the complex surface impedance can be obtained,
thus enabling the shaping of the spatial profile of both the reflection amplitude and

phase, leading to maximum versatility in the achievable functions. In this chapter,
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the design methodology is presented, including the steps taken to implement the
PMSEF concept by taking into account manufacturing and cost limitations. The PMSF
consists of a top textured layer, exposed to the electromagnetic (EM) waves, an in-
termediate ground plane layer, and two routing layers on the bottom, to provide
control and power to the application-specific integrated circuits (ASICs) that are
used to program the MSF. The ASICs are populated on the bottom side in an array
structure. In order to reduce the cost and to conform to tight space constraints, a
single ASIC design must operate without the need for any further components. As
will be subsequently elaborated upon, the ASIC contains both low-power, MSF LEs,
as well as asynchronous circuits implementing a grid communication algorithm, as
presented in [93]. This chapter includes realistic LE tunability ranges, extracted from
three candidate semiconductor technology PDKs. Furthermore, the chapter outlines
various MSF PCB manufacturability issues. Finally, the chapter shows that the ASIC
can be used to create a PMSF, also known as a hypersurface [94], which demonstrates
programmed perfect absorption, for a range of incident angles for both TE and TM

polarizations.

3.2 Programmable Metasurface Unit Cell

Fig. 3.1 shows an array of unit cells that form an example PMSEF. The top view
in Fig. 3.1 is showing the textured square patch, while the bottom view, shows the
PMSF loading ASIC that is placed in every unit cell.

The general topology resembles greatly the MSF presented in Section 2.1.5, but
has a significantly different response, since the ASIC is positioned at the bottom of
the unit cell below a ground plane, and it is connected to every four rectangular
patches. This general topology was chosen after carefully considering other alter-
native options, e.g. the ASIC could lie on the top layer (which would make the
topology resemble more the one in Section 2.1.5) or even be embedded within the
PCB. The first option was discarded, since having metallic tracks that carry power
and communication signals on the top layer will adversely affect the EM behaviour
of the PMSF. Secondly, if the ASIC were to be embedded in the PMSF PCB, it would
not only need a specialized, high-cost PCB process, but would also render the hyper-
surface irreparable in case of ASIC faults. Given the large number of ASICs needed

to create a hypersurface, the probability of one ASIC failing or having a dry solder
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-.._ Metasurface Top View

Figure 3.1: llustration of a PMSF covering a 5x5 A? area. The top and bottom views of the PMSF are
shown. The loading ASICs are located on the bottom side of the PMSF.

joint is increased. Thus, serviceability is of paramount importance in the selection

of the topology.

3.2.1 Unit Cell Geometry

An example unit cell topology canbe seen in Fig. 3.2. It consists of a textured MSF
pattern on the top layer (L;), a ground plane in the middle layer (L,), communication
and power distribution layers (L; and L4), with the ASIC bonded to the bottom layer
(Ls). The ASIC on the bottom layer, containing the MSF LEs, has four direct vias
that route the RF signals between the bottom layer (Ls) and the top layer (L;). The
example unit cell topology in Fig. 3.2, which has a subwavelength size of A/7, is
periodically repeated to form the complete MSF (Fig. 3.1) that occupies a total area
of 5x5 A?, at the design frequency (5 GHz).

The design cycle of a PMSF such as the one shown in Fig. 3.1 requires a careful
design balancing act, taking into account multiple practical constraints. The PMSF
presented is designed to perform as an absorber at normal and oblique incident
angles. As it will be shown in this section, this entails that the loading ASIC will
need to cover a specified RC range to achieve this operation. In the current exam-
ple, the range required for the resistance is relatively low, and hence works at the
limits of the practical range found in ASIC implementations, as it will be shown in
Section 3.3.1. This constraint can be relaxed by implementing the hypersurface on

a thicker substrate (H;) and by employing a substrate with lower dielectric losses,
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Figure 3.2: MSF unit cell geometry. (a) Top side of the unit cell and (b) bottom side of the unit cell
showing the location of the MSF loading application specific integrated circuit (ASIC).

resulting in higher resistance value requirements.

The example unit cell design is elaborated in Fig. 3.3. The details of the geometric
parameters are listed in Table 3.1. An optimized parameter that is sensitive to the
performance of the PMSF absorber is the position of the L; — L, vias connecting
the patches in L; to the ASIC terminals in Ly. As described in [95], the optimal

position for an isotropic cell would be at the corner of the patches, where the surface
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©

Figure 3.3: MSF unit cell geometry. (a) Top side of the unit cell, (b) bottom side of the unit cell, and
(c) close-up of the bottom side, showing the location of the MSF loading ASIC, implementing four

parallel-connection RC loads.

current density is larger. Unfortunately, due to various fabrication limitations this
option was not available, so the vias were placed near the inner edge of patches
along one direction, as shown in Fig. 3.3, so that at least one polarization would be
optimally covered. The methodology for the optimization of the absorber unit-cell
parameters, namely the width of the patches and the period of the cell, is described
in [95], under the constraints of: operating frequency, manufacturing (through via

position), dielectric thicknesses, ASIC size and available RC range.

In Fig. 3.3(a) and Fig. 3.3(b) a top and bottom view of the unit cell are shown.
Fig. 3.3(c) depicts the connectivity of the ASIC to the MSF from the edge pins. The
ASIC in this design loads the MSF with four parallel-connected RC loads, as shown
in Fig. 3.3(c). The design of the MSF loads, along with their control circuit will be
discussed in Section 3.3.1. The ASIC uses a wafer-level-chip-scale package (WLCSP).

The solder balls are also included in the simulations, and are each modelled as a
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Table 3.1: Rectangular patch unit cell’s geometry parameters.

Geometric Parameter || Dimension (mm) Description
H, 2.137 Top Substrate Thickness
H, 0.255 Bottom Substrate Thickness
D 8.4 Period of the Unit Cell
\W 3.32 Width of the Patch
A 1.2 x-Coordinate of L; — L4 Via
B 0.641 y-Coordinate of L; — L4 Via
V@i 0.30 Diameter of L; — L4 Via
Vi, 0.15 Diameter of L, — L4 Via
ICp 2.00 ASIC Dimensions
ICp 0.40 ASIC Pitch
ICp 0.25 ASIC Pad Diameter

cylinder of height 0.15 mm and diameter 0.25 mm. The solder ball used was alloy
SACA405 in order to accurately take into account its effect on the design. The realizable
unit cell was designed by taking into account practical limitations of the ASIC and the
PCB technology. These limitations include R and C ranges, cost of the semiconductor
process, maximum PCB thickness, via and track sizes, and substrate losses.

As canbe seen in Table 3.1, H; is much larger than H,, in order to relax the ASIC’s
constraint on the realization of the resistance values, and H, should be small, so that
the power and ground supplied to the ASIC is of good quality. The asymmetric layer
stack of the PCB improves the RF performance of the MSF, however care must be
taken with an increased number of layers as they introduce additional variations in
the PCB thickness. The PMSF unit cell was co-simulated using an electromagnetic
model that was combined with the lumped RC loads. The absorption performance,
shown in Fig. 3.4, was obtained through the use of circuit and electromagnetic co-
simulations in ANSYS HFSS.

In Fig. 3.4(a) and Fig. 3.4(b) the reflection coefficient for normal incidence (0
= 0°) is plotted for TE and TM polarization respectively. In these plots, perfect
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Figure 3.4: Reflection coefficient magnitude |r| in dB at 5 GHz for (a) TE 6 = 0° normal incidence, (b)

TM 0 = 0° normal incidence, (c) TE 0 = 15°, (d) TM 6 = 15°, (e) TE 0 = 30°, (f) TM 0 = 30°, (g) TE
0 =45°, (h) TM 6 = 45° and (i) the color scale .

absorption (|r]<-30 dB) is indicated with a yellow colour in the plot. Note that the

results are almost indistinguishable for TM polarization, but not identical due to the
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asymmetric placement (in the x- and y-axes) of the through vias (L;-Ls) with respect
to the MSF patches on the top layer (Fig. 3.3(a)). This asymmetric placement was
implemented to obtain good performance for large oblique incidence angles for at
least one polarization, the TE [95]. This can be seen in Fig. 3.4(c), Fig. 3.4(e) and
Fig. 3.4(g), where the reflection coefficient for TE polarization is shown for 6 = 15°,
30°, and 45°, respectively. It can be seen that the required resistance and capacitance
for perfect absorption increase for larger oblique angles of incidence, but a very low
reflection amplitude can be obtained inside the considered RC range. Note that
two absorption peaks appear for larger angles and can be both exploited [95]. In
Fig. 3.4(d), Fig. 3.4(f) and Fig. 3.4(h) the reflection coefficient for TM polarization is
shown for 0 = 15°, 30°, and 45°, respectively. It can be seen that the required RC com-
bination shifts towards higher capacitances for larger oblique angles of incidence.
For this polarization, the reflection dip moves outside the considered RC range for
angles exceeding 45°, which could prove to be a limitation in the realization of the

LE RC range.

3.3 Metasurface ASIC

Numerous semiconductor technologies are commercially available for the im-
plementation of the MSF loading ASICs. The selection of a semiconductor tech-
nology offers new challenges in the design of a suitable integrated circuit for MSF
applications. Programmable MSF designs shown in the literature thus far, use
commercially-available off-the-shelf (COTS) components as LEs, and programmable
modules such as field programmable gate arrays (FPGAs), to individually address
each unit cell [32,35]. This type of architecture separates the high-frequency RF
electronic component of the design (the unit cell LE) from the low-frequency analog
and digital component (the FPGA). Typically, the RF LEs operate at a higher fre-
quency and are manufactured from high-performance and costly technologies, like
silicon-germanium (SiGe) and even gallium-arsenide (GaAs), while the analog and
digital control circuits are manufactured on cheaper silicon technologies.

This chapter aims towards the realization of a PMSF architecture that addresses
individually each unit cell, and is capable of providing a complex loading impedance.
This functionality necessitates that the high-frequency LEs are integrated together

with the analog and digital control circuits on the same chip. Ideally, in order to
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Figure 3.5: Top-level diagram of the PMSF loading ASIC showing the input/output (IN1, IN2, OUT1,
OUT2), the four MSF LEs, eight DACs, and the communication control circuit. The ASIC uses serial

and unidirectional input/output communication.

realize high-quality RF LEs, the whole integrated circuit would be designed in a
high-frequency SiGe or GaAs process, however the large number of ICs necessary
to implement a large hypersurface would render the cost prohibitively high. There-
fore, a technology should be selected that can provide a sufficient range for the
tunable complex impedance LEs at the design frequency of 5 GHz, while also being

economically feasible.

With the envisaged large number of ASICs needed for the hypersurface imple-
mentation, the power consumption of each IC needs to be carefully considered. In
[32], each individual MSF LE required 10 mA of current in its ON state. This might
appear small, but the MSF consists of 40 X 40 unit cells, which translates to a total
current consumption of 16 A when all 1600 LEs are ON. In order to reduce the overall
current consumption, each MSF LE should be implemented with a negligible current
draw, and since each unit cell is locally controlled, the digital and analog part should
also be designed with minimum power requirements. In [96], the importance of
using asynchronous control circuits for enabling programmable and scalable MSFs
is argued. Asynchronous circuits offer a low power consumption for controllers that
are idling most of the time, as in the case of controllable MSFs. Additionally, and

more importantly for RF applications, EM emissions from this ASIC are inherently
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reduced, due to the data-driven clocking, as well the fact that a location setting
can be changed without clocking the entire surface. Finally, by using asynchronous

clocking there is no need for a power hungry clock distribution network on the entire

MSE.

The packaging of the MSF loading ASIC also needs to be taken into account. The
package will introduce additional parasitic effects that will reduce the overall range
of the obtainable complex impedances, and can also increase the cost of the ASIC.
For the chosen MSF application, WLCSP was chosen since it offers the cheapest

packaging solution and introduces the least amount of parasitic effects [97,98].

The top-level architecture of the PMSF loading ASIC is shown in Fig. 3.5. It
consists of four MSF LEs that each consist of a voltage-controlled capacitor (varactor)
in parallel with a voltage-controlled resistor (varistor). These LEs are connected
between the outer pins of the chip and the center ground pin. The biasing for the
MSF LEs is provided by eight on-chip DACs, that are set by data passed through
four serial, asynchronous, unidirectional communication ports of the ASIC. These
communication ports form a larger grid, within the MSF, arranged in a Manhattan

style network, as described in Section 3.3.5.

3.3.1 Metasurface Loading Element Design

The MSF LE will need to provide a complex impedance to adjust the surface
impedance of the MSF to be equal to the incident wave’s impedance (1) in order to
achieve perfect absorption. The complex impedance values are dependent on the
direction or angle of incidence (0), the polarization of the propagating wave (TE or

TM) and the frequency.

The ASIC is connected to the MSF at the four corner pins and with the center
ground via pin, as shown in the close up shown in Fig. 3.3(c) forming a double T’
five-terminal network shown in Fig. 3.6. Five complex impedances (Z4, Zg, Z¢, Zp

and Zg) compose the theoretical circuit.
The network in Fig. 3.6 can be described with the Z-parameter matrix:
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Figure 3.6: ASIC’s equivalent double T’ network.

Vi Z1 Zin Ziz Zu||h
Vs 4 Iy Zy Zy Zu||bh . G.1)
Vs Zy Zz Zszz Zal||lz

|Vi| |Zu Zo Ziz Zu||L]

This Z-parameter matrix can be expressed in terns of the five complex impedances
(Za, Zp, Z¢c, Zp and Zg) by using the well known equation from [58] (page 175, eq.
(4.28)):

Vi .
Zij = I—j,Ik = OfOVk F J. (3.2)

This would re-write the Z-parameters as:

i (za+ze  Ze Ze ze  ||L]
Vs _ Zr Zp + Zg Zg Zg I . (3.3)
Vs Zg Zp  Zc+Zg Zg I3
LV4_ | ZE ZE ZE Zp+ ZE‘ _14_
Therefore, one can say that:
ZA = Z11 - Zij/ fOT’ i # ] (34)

The complex impedances Z 4, Zp, Zc and Zp are the tunable load impedances. If these

impedances are tuned to be Z4 = Zp = Z¢c = Zp, the Z matrix takes the following
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form: ]
Za+ Zk

Zg
Zg
Zg

Zssic =

Zg
Za+Z
Zg
Zg

Zg
Zg
Za+ Zg
Zg

Zg
Zg
Zg

Za+ ZE_

(3.5)

To convert the above Z matrix to S parameters, the following equation can be used:

S= Gref(Z - Zref)(z + Zref)_lG;lf- (3.6)
Where G,.f is equal to :
G 0 0 0]
0 G 0 O
Gref = , (3.7)
0 0 G O
0 0 0 G

and G = \R(Zy)™" and Z; is the port impedance. This will result in the following
S-parameter matrix:

Sa Sp Sp Sp
Spg Sa Sp Sg
S ASIC — . (38)
Spg Sp Sa Ss

S5 S5 Sy Sa

Sa and Sg are calculated using:

Zi +4Z 4 7F — Zo(ZZE + ZO)

S = Sii = ’

A (Za + Zo) + (Za + AZ5 + Zo) (3.9)
Sp =Sij = 2Ze ¥ Zo fori#j

B0 T T 7o) + (Za + 475 + 7o) J

If the center ground pin of the ASIC is connected directly to ground, then Zr ~ 0
and (3.9) can be simplified to:

_Za—Zo
Y Za+Zy
SB = Sij = O,fOT’ I # ]

Sa=S
(3.10)

In simulation, one can place a terminal directly on the center pin so the analysis
of the four-port network can be simplified to a single port, since Zr ~ 0 and the four
ports are isolated. This might not be the case in the physical implementation, since
vias in pad might not be available in the PCB technology, and traces will be needed

to rout the center pin from Ly to L.

62



CHAPTER 3. TOWARD AN ASIC-ENABLED PROGRAMMABLE METASURFACE ABSORBER

VCO_IYWY'\

Lo _L °
2
M
=

M
VRO—| 1

Port
o

Figure 3.7: Simplified LE circuit series configuration.

3.3.1.1 Circuit Topology Selection

The LE can be realised in various circuit topologies and their realization will
need to be implemented though the use of the devices available in an affordable,
commercially available foundry process. Models for their simulation in this case are
supplied with the PDKs and the complete process of modelling the device can be
omitted.

The variable resistance (varistor) is most easily integrated in an IC technology
by using a simple MOSFET device, and the variable reactance or variable capacitor
(varactor) can be realized using a MOSFET varactor, as described in the background
information for IC components in Chapter 2.

A simplified schematic for a series configuration can be seen in Fig. 3.7. M,
is the varactor and M; is the varistor. L; is an RF choke inductor used to bias the
varactor without affecting the total impedance. V¢ is the analog biasing voltage
used to bias the varactor, and Vy is the analog bias voltage used to bias M;. M;
in this configuration will need to have a resistance value equal to the optimum
values shown in Fig. 3.4. In theory, this can be achieved by increasing the size of the
MOSFET. Increasing the size will also increase the substrate capacitance, effectively
shorting the MOSFET to the substrate.

A simplified schematic of the parallel circuit topology LE circuit can be seen in
Fig. 3.8. The varactor (M) is placed in parallel with the varistor (M;), and an on-chip
metal-insulator-metal (MiM) DC blocking capacitor (C;) is placed in series with M;
to prevent V¢ shorting out through M;. The varactor’s (M,) capacitance, is tuned
by a biasing voltage V¢, through an on-chip inductor, L;. L, is used as an RF choke
to prevent the low impedance biasing node V¢ from effectively shorting the load.
Given that a MSF requires a large number of unit cells, it is essential that each LE has

a low static power consumption. The varistor is tuned by a biasing voltage V. Both
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Figure 3.8: Simplified LE circuit parallel configuration.

Ve and Vi draw negligible current, in the order of pico Amperes, into the MOSFET

gates.

This parallel model can achieve lower resistance values compared to the series

configuration. Its limitation and design process will be discussed next.

3.3.1.2 Parallel Circuit Topology

The impedance of the varactor (M>) in Fig. 3.8, will ideally only have a reactive
component, but in reality, it also possesses a resistive component, and the same
applies for the inductor. Similarly, the varistor possesses a parasitic reactive com-
ponent in addition to the desired resistance. The on-chip DC block capacitor does
not have ideal behaviour, primarily due to the capacitance of the bottom plate to the
substrate ground. For this reason, each element in the schematic will affect the total
impedance that is seen by the one-port network. One can think of each element as a
complex impedance, which is predominantly resistive, capacitive or inductive. The
LE can then be simplified to an equivalent parallel RC circuit that loads the MSF unit
cells, shown in Fig. 3.3(c).

3.3.2 Design of the On-Chip Loading Element Components
3.3.2.1 Varistor Implementation

The combined components M; and C; are easily tuned in this design without
needing a very large size. The DC block capacitance should be set to at least double
the capacitance of the metal-oxide semiconductor (MOS)-varactor in order not to

affect the total capacitance.
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Figure 3.9: (a) Inductor lumped-element model [59,60], and (b) equivalent parallel circuit.

3.3.2.2 Inductor Implementation

A planar on-silicon inductor model is derived and experimentally validated in
[59,60]. For L, in the LE circuit, the aforementioned inductor model is used and can
be seen in Fig. 3.9. In the circuit, the inductor is connected to V- on one side (Port;)
and Port ; on the other side. V¢ can be considered a very low impedance node,
therefore the model in Fig. 3.9(a) can be considered a one-port network by shorting
Port,. The complex model can then be converted into a simplified parallel circuit
shown in Fig. 3.9(b). This is done by solving for the total admittance (Y1) and
then converting this to a parallel resistance (R, = !/®(..)) and a parallel reactance

(Xip = /3w ). The parallel resistance and reactance are equal to:

((%)2 + L?) IN|

R, = , 3.11
" O (Rei (R + L)) + R, G0
L2w?K, + R?*K; — LK
x, = - 2L K+ RiKs ~ Loko) (3.12)
(Ls wz + Rs) KZ
Here K;, Ky, K5 and K, are given by:
1 252
K; =— + (Cor + Csi)" Rg;,
)
Ky =R%@*(Coy + Cs)* + 1,
K3 :(ngRéiCU2 (CS + CSi)
+ Cor (RE@? (2C,Csi + C3) + 1) (3.13)

+C(ChREw? +1),
Ky =R%,w? (CZ, (C; + Cs)) + C.Csi”)
+Cor(RE,@*(2CsCs; + C3) + 1) + Cs.
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The self-inductance of the inductor can be calculated using: [59]

21 1 w+t
Lsglf =2 (ln (m) + E + T) . (314)

Where Lg;f is the inductance in nH, [ is the wire length, w is the width and ¢ the
thickness all the geometric units are in cm. The mutual inductance between two
wires can be calculated using:

M = 21Q,,. (3.15)

Where M is the in inductance in nH. Q,, is the mutual inductance parameter and can

be calculated with:

Qn =In GMD I

1+( l )+GMD. (3.16)

The term GMD is related to the geometry mean distance of the wires. It can be
approximated with the pitch of the wires, and a more accurate expression can be
found in [59] (eq. (4)).The series resistance can be expressed as:

l
R =P
wtgff

(3.17)

Where the p is the resistivity of the wire, [ and w are the length and the width of the
wire respectively. The term ¢, is the effective thickness of the wire and is relates to

the skin depth 6:

t
boss = 5[1 - eﬁ), (3.18)

[P
0= _— 3.19
npf (3.19)

Where (1 is the permeability and f is the frequency. The shunt capacitance C, can be

calculated using:

oy

C, = nw? (3.20)

toan_l—Mn .
The permeability in vacuum is denoted with ¢, and ¢, is the oxide relative perme-

ability. The number of the inductor turns is n and fyum, ,-m, is the oxide thickness
between the spiral and the underpass.

The parasitic substrate capacitances Cs; and resistance Rg; can be calculated

using:
CSi = %lwcsubr (321)
2
.= , 22
Rs TwGeu (3:22)
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Figure 3.10: Simplified circuit for the MOSFET-varactor lumped-element model which was presented
in Section 2.2, Fig. 2.11(b) ([60, 62]). (a) Simplified series circuit, and (b) simplified parallel circuit.

where the C,,; and G;,; are capacitance and conductance per unit area for the silicon

substrate. The oxide capacitance G,, can be calculated using:

L, €
Cox = Elﬂ)a (323)

The dielectric constant and the thickness of the oxide are denoted as ¢,, and t,,.

From (3.11) one can observe that, in order to increase the parallel equivalent
resistance of the inductor, Ry, the parasitic oxide capacitance (C,,) and the series
resistance (R;), need to be minimized which will in turn effectively minimize the
denominator. The dominant factor is C,,, which is raised to the second power
in (3.11), therefore the oxide capacitance should be reduced. This is commonly
achieved by placing the inductor on the top metal layer and by reducing the width
of the inductor lines. Reducing the width of the lines will also increase the series
resistance R;, which is undesirable, so a thick metal is preferable since it reduces
R, without affecting C,,. The length of the inductor lines can be reduced in order
to reduce the series resistance R, until a point where the inductance is sufficient to
block most of the RF signal to V¢, and the inductance will not affect the loading
capacitance.

An on-chip inductor was designed so as to maximize the parallel resistance,
whilst obtaining the correct value of inductance. On the chip, apart from the width
of the metal, one can also choose on which metal layers to implement the inductor

as well as what is in the vicinity of the inductor.

3.3.2.3 Varactor Implementation

A MOSFET varactor model is presented in [60, 62] for multiple finger devices.

This model can be found in Section 2.2, Fig. 2.11(b). For a particular frequency range,
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the complex MOSFET varactor can be simplified to a single-port device with a series
resistance Rys = R(Zur) and a series reactance X,s = J(Zuor) (see Fig. 3.10(a)),
where Z,,, is the total complex impedance of the device. This simplified series
circuit, can then be transformed into a parallel circuit (see Fig. 3.10(b)), for which the

parallel resistance (R,;,) is equal to:

B R2. + X2

Rop T " = Ris + XmsQ, (3.24)

and the parallel reactance (X,,,) is equal to:

2 2
— Rms + Xms — Rms

Xonp X o Xons, (3.25)
where, Q is the quality factor and is given by:
Xins

Q= R (3.26)

3.3.3 Technology Selection

In this section, an investigation is presented for three commercially-available
candidate technologies. This is done using simulated results from CADENCE
VIRTUOSO®, revealing the achievable complex impedance ranges for the MSF
LEs. These are complementary metal-oxide semiconductor (CMOS) processes at
the 350 nm, 180 nm and 65 nm technology nodes. Specialized SiGe and GaAs tech-
nologies are not investigated in this thesis, since they are costly and not widely
available.

The supplied voltages Vr and V¢ in Fig. 3.8, are progressively increased from
zero to the maximum allowed operating voltage of the technology or to a large
enough voltage that does not provide any further impedance tuning. For each set of
Vr and V¢ voltages, this corresponds to a specific RC combination. Thus, by varying
both Vi and V, an area of RC combinations can be created within an RC map, which
defines the achievable RC values for that technology.

The RC area of each LE needs to cover the optimum RC combinations required
by the MSF unit cell to achieve perfect absorption, ( see Fig. 3.22). This has proven
difficult to achieve in simulations with the series configuration (in all three of the
evaluated technologies), since the varistor (M;) needs to have a large number of

fingers to achieve the required low resistance. The large number of fingers also
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Figure 3.11: Equivalent parallel resistance and capacitance range at 5 GHz, for (a) 350 nm, (b) 65 nm

and (c) 180 nm semiconductor technologies.

means that its parasitic capacitance to the substrate is also moderately large, thus

effectively short-circuiting it at the design frequency.

The parallel configuration showed more promise in achieving the required low
resistance. In order to evaluate the performance of each technology, each device (M;,
M,, L;, C;) was adjusted to increase the parallel RC range and satisfy the optimum

RC combinations.

The adjusted parallel configuration RC ranges can be seen in Fig. 3.11(a),
Fig. 3.11(b) and Fig. 3.11(c) for the 350 nm, 65 nm and 180 nm technologies, re-
spectively. The results of Fig. 3.11 were obtained using data from S-parameter
simulations and converting the reflection coefficient at the Port on the right-hand
side of the parallel LE circuit of Fig. 3.8 to a parallel configuration RC map. Constant
Vg lines are shown in solid blue lines in the Fig. 3.11, and constant V¢ lines are shown

in dashed red lines.

It can be seen in Fig. 3.11 that for larger feature technologies the capacitance
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range increases, while the resistance range decreases. The reduction of the resistance
range in the larger feature technologies is caused by a reduction of the quality factor
of M, due to the larger gate length [62]. The gate width also increases the capacitance
range proportionally [62]. It is obvious that there is a compromise to be made when
choosing the technology. The 180 nm technology offers a compromise between the
achievable capacitance and resistance ranges, and was therefore chosen as a viable

technology.

3.3.4 Loading Element Connectivity

As described in Section 3.2.1, there are four MSF LEs in each ASIC, connected
as shown in Fig. 3.12(a). The ASIC uses 19 pins for the controller and the remaining
5 for the LEs. An alternative solution considered, had two MSF LEs as shown in
Fig. 3.12(b), however the one shown in Fig. 3.12(a) was chosen, in order to increase
the equivalent parallel resistance of the circuit. The parallel resistance of Fig. 3.12(a)
is essentially double that of Fig. 3.12(b). Additionally, two of the pins of Fig. 3.12(b)
would have to be converted to a DC ground, using two additional inductors (RF
chokes). Note that on-chip inductors occupy an area comparable to the WLCSP
pads, which would have made the LEs occupy a larger on-chip area. This increased
LE area would increase the ASIC’s size as well as its cost. Furthermore, the layout
implementation of Fig. 3.12(b) would suffer from additional parasitics, arising from
metal lines running across the entire IC. In order to maintain the rotational symmetry
required, and to allow the chip to be rotated for communication purposes (see
Fig. 3.13), the center pin was selected as the RF ground. A further alternative
considered is shown in Fig. 3.12(c). Although this option needs one fewer pins,
it was also abandoned because it would be impossible to independently control
the varactors/varistors without additional space-hungry on-chip inductors and DC-

block capacitors.

3.3.5 ASIC Control Circuit and Digital to Analog Converters

The integrated MSF LE control circuit is presented in this section along with
the DACs. The control circuit operation involves the routing of data packages in a
grid network where the payload of the package is the eight single-byte inputs for

the eight DACs, which in turn connect to the four analog V and four V¢ voltages of
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Figure 3.12: (a) Selected MSF LE pin location and configuration. Configuration (b) and (c) are

alternative pin locations options that were not pursued.

the four LEs.

Therefore, the control circuit has two main operations. First, to provide the
digital input to the DAC and in turn tune the complex impedance of the unit cell.
Second, to send or receive data packets to / from neighbouring nodes in order to

deliver the payload to the appropriate node of the network.

The ASIC control circuitry takes into account constraints arising both in the ap-
plication and the manufacturability of the ASIC. Also, asynchronous communication
is necessary because using a crystal oscillator and clock signal for synchronization
(synchronous communication), can contribute to high power consumption, high EM
noise generation, and prevent the scalability of the MSF. Given the large number of
dies required to populate the MSF, a relatively low-cost technology is needed and the
die size needs to be minimized, to maximise the number of ICs per wafer. Also, the
size must be large enough to be handled by automated pick-and-place machinery.
A 2 mm X 2 mm size was selected, and therefore the maximum number of WLCSP
solder bumps that could be accommodated in this area was 25. To accommodate
these restrictions, the control circuit has two serial input channels and two serial
output channels, as shown in Fig. 3.5. Also, the current implementation is fully
asynchronous, and the communication is carried out by handshaking between the
transmitter node and the receiver node [96,99].

Each control circuit is part of a grid that intelligently moves packets to the
destination node and configures the complex impedance values that are used as
inputs to the varistors and varactors. In Fig. 3.13, a 4 X 4 grid network of MSF
loading ASICs is shown. The nodes have four orientations (4, b, c and d). This way,

the network can be formed by designing only one control circuit. The corner nodes
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Figure 3.13: A 4 x 4 grid with two gateways and wraparounds forming a network. Letters a, b, c and

d correspond to the orientation of each node.

are connected using wraparounds to ensure that there is more than just one path to
reach every node in the grid. Therefore, even when a node is faulty, the network will
not collapse. The gateways are the means to convey packets to the grid and they
have full computing capabilities and resources. They are responsible for feeding the
packets into the network, receive packets, apply fault detection mechanisms or even
act as intermediate nodes in the network. The network can adopt intelligent routing
algorithms, so that the configuration of all the unit cells is done fast and reliably. In
[93], the authors present two routing algorithms with fault tolerance mechanisms

that can be adopted by the control circuits used in this design.

The data packet, once received by the destination node, is temporarily stored in
the node’s buffer until verification confirms that the entire packet has been received

with no errors. Then, the configuration bits are copied to the memory.

The stored bits directly drive the 8-bit DAC, producing the analog voltages
needed to bias and configure the LEs. A two-stage resistor string DAC architecture
was adopted for the eight DACs [100]. The DAC’s output needed to be monotonic,
accurate and it needed to occupy a small area in the ASIC. The current required

by the MSF LE is negligible, therefore the DAC had no need of an output buffer.
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Ly

Figure 3.14: The 4-layer PCB stack adopted for the example MSF design.

This requirement and its simplistic design made the two-stage resistor string DAC
an attractive solution. The analogue voltages produced by the DACs are inputs to

the MSF LEs (Vk and V( biases). These biases will change the MSF LE impedance,

which will in turn alter the MSF surface impedance.

3.3.6 Manufacturability of Metasurface PCB

This section describes the production processes toward manufacturing the ac-
tual MSF in a large industrial PCB format. The MSF sub-wavelength periodic struc-
ture and its anisotropic PCB stack are demanding, and push the capabilities of the
manufacturing process. Asymmetric PCB layer stacks are commonly avoided, since
the different thermal expansion coefficients of the PCB materials and or the metal-
lization will produce a warped PCB. The asymmetric PCB layer stack demanded
from the correct unit cell operation, was the drive to adapt a homogeneous mate-
rial layers shown in the Fig. 3.14. The PCB stack consists of Megtron 7N materials
(Fig. 3.14), R-5785(N) laminate and prepreg R-5680(N) with a thicknesses of T;:100
um and T5:750 um. The laminate R-5785(IN) and the prepreg R5680(IN) have the same
electrical properties, dielectric constant of 3.35 (¢,) and a dissipation factor of 0.002
(tan(6)). This makes the layering across the thickness H; and H; act as an electrically
homogeneous material.

The four-layer PCB presented consists of four metal layers, as shown in Fig. 3.14.
In terms of electrical connectivity, L3 and L, serve for routing, while also a plane is

positioned on L; that is connected to V4 and on Ly a metal fill is placed that is
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connected to the ground (L,). L4 includes the chip’s footprints with the routing of
the tracks for the asynchronous communications and global signals. The remaining
area of L4 is covered with copper fillers that are connected to the ground. In addition,
the three global tracks are distributed to the whole tile.

The dimensions of the PCB are 302.4 mm X 302.4 mm which translate to approx-
imately 5x5 A?, at the design frequency (5 GHz). A top and bottom view of the PCB
can be seen in Fig. 3.15(a) and Fig. 3.15(b), respectively.In Fig. 3.15(c), the routing
of the chip’s pads is shown. An array of 5X5 pads is used as a the footprint of the
WLCSP dies. The diameter of the pads is 0.25 mm, with a pitch of 0.4 mm (center to
center). One of the pads is not used to indicate the correct orientation of the chip. The
track width within the chip’s footprint is 0.045 mm to enable proper distribution of
the tracks. The four corner pads are connected to L; through L;-L, vias. Three pads
on each side are used for the asynchronous communication with the neighbouring
chips. Another two pads are dedicated to the global signals. An additional two pads
are used for digital V;; and Gnd, and two pads for the analog V;; and Gnd. The
orientation of each chip is hardwired by two pads to V;; or Gnd. When populating
the board, the chip’s actual orientation can be distinguished by the asymmetry of
the pads, where one ball of the 25 is intentionally omitted. Asynchronous tracks are
symmetrically routed to match the delays between lines.

Four unit cells were arranged in a scalable design with the appropriate orienta-
tion of the chips. Starting from the a orientation, the chips were rotated 90° clockwise
from the a to d orientation. At the edges of the PCB, multiple low-insertion-force
(LIF) connectors are placed to enable its connection to neighbouring PCBs. Thus,
scalability can be achieved. These connectors can also be used for the connection of
the gateway. In addition, pads dedicated to power tracks are distributed all over the
edges of the PCB for better distribution of the power.

The PCB shown in Fig. 3.15 was manufactured. Even though the metallization
layers were not symmetric in the PCB stack the PCB showed very little warpage,
and the warpage was less than 100 um. A post fabrication cross-section of the PCB
is shown in Fig. 3.16. The PCB stack thickness deviated from the nominal PCB
thickness, by approximately 0.4 mm. H; thickness was measured at 2137 ym instead
of 1800 ym and H, thickness was measured at 265 ym instead of 200 ym as can
be seen in in Fig. 3.16(a). This 18% increase in H; thickness is mainly attributed

to a deviation in prepreg and lamination thicknesses in the stack compared to the
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Figure 3.15: MSF PCB, (a) top view, (b) bottom view, and (c) routing of chip’s pads.

nominal ones, and from slightly higher copper thicknesses after electroplating on
the copper layers. The measured H; and H, thicknesses show in Fig. 3.16(a) were

subsequently used in electromagnetic simulations.

3.3.7 Selected Technology Validation

The MSF LE circuit was fabricated in a commercially available 180 nm CMOS
technology using a MPW provided by Europractice [101]. The 180 nm technol-
ogy’s nominal supply voltage was 1.8 V. This MPW step was intended to catch any
variations in the circuit performance or even in its operation before a full wafer

fabrication. Along with the LE, individual circuit elements were also included for
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(@) (b)

Figure 3.16: (a) Cross section of the 4-layer stack, and (b) X-ray photograph of the manufactured PCB.

Table 3.2: List of individual circuit element structures.

No. Circuit Element Description

. Three inductors of different sizes with two-port de-embedding
structures

) A MiM capacitor and two-port de-embedding
structures

3 Three MOS-varactors of different capacitance and two-port
de-embedding structures

4 A varistor with its two-port de-embedding structures

technology validation, as shown at the bottom of Fig. 3.17(a) and listed in Table 3.2.
These circuit elements (inductors, MiM capacitor, MOS-varactors, varistor) were
placed within GSG-boxes to be measured separately for troubleshooting purposes.
The provided models (with the PDK) of the circuit elements were used in combina-
tion with the GSG-box and open, short and through de-embedding structures were
designed in Keysight advance design system (ADS). With these de-embedding struc-
tures, OS and OST de-embedding [64] were performed for all the circuit elements
in simulation and measurements as described in Section 2.3.1.1 and Section 2.3.1.3,

respectively.
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Figure 3.17: RF measurement structures, which include the LEs and individual circuit elements. In
(a) the measurement structures are shown in the CADENCE layout environment while (b) shows a

photograph of the fabricated ASIC.

All RF measurement structures shown in Fig. 3.17(a) were placed ina 5 mm X 5 mm
layout, as shown in the manufacturing blueprint in Fig. 3.18(a). In this 5 mm X 5 mm
layout, analog and digital biasing pads were placed at its perimeter where V¢, Vg,
ground (GND), positive (V) and negative supply (=Vs) nodes are connected. Ad-
ditionally, a V; pad was placed on the top left, to bias the gate of the MOSFET used
as a varistor. Analog and digital circuits were placed in this layout to test their
performance and catch any potential errors. These can be seen at the bottom of
Fig. 3.18(a) enclosed by a red dashed line. The remaining pads at the perimeter were
used by the analog and digital circuits. Forty 5 mm X 5 mm dies were produced by
this initial MPW run, which can be seen in Fig. 3.18(b).

A close-up view of the fabricated LE can be seen in Fig. 3.19(a) along with the
open-short de-embedding structures in Fig. 3.19(b) and Fig. 3.19(c). The LE’s varistor
and the varactor were implemented through multi-fingered MOSFETs, as described
in Section 3.3.1. This was implemented to obtain a low static power consumption.
The pitch of the GSG pads is 150 um, and the LE circuit area is 640 um by 520 um,

where the inductor is the largest on-chip component.
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Figure 3.18: Test ICs containing RF measurement structures and analog and digital circuits. In (a) the
complete layout in the CADENCE layout environment is shown, while in (b) 40 manufactured dies

can be seen.

The MSF LE were designed to be integrated on a ASIC, which is then packaged
through a WLCSP process that puts solder bumps directly on the die, thus avoiding
the parasitic inductance of wirebonding and other more complex packaging tech-
niques [97,98]. The MSF LE circuit is positioned in the physical layout around a
rectangular top layer metal, labelled “Pad” at the centre of Fig. 3.19(a), to emulate
the effect of a solder bumping pad. On the left side of the bumping pad, ground
signal ground (GSG) probe pads can be seen that are connected to the LEs via a taper.
On the top side of the bumping pad the DC block capacitor (C;) and the varistor
(M) are positioned. The DC block capacitor consists of five 1.8 pF MiM capacitors.
The varactor (M,) is positioned at the lower side of the rectangular pad and consists
of five 0.43 pF MOSEFET varactors, where the finger width and length of the device
fingers are adjusted to increase the quality factor as described in Section 2.2.2, [62].
The ground pads are connected to a metallic ring around the rectangular pad. The
on-chip RF choke (L;) is on the right of the rectangular pad. Between the RF choke
and the V¢ pad, MiM capacitors are placed to reduce the impedance of the node. Ad-
ditionally, each biasing node has an electrostatic discharge (ESD) protection device
connected to it [102].

The measurement set-up for the on-wafer measurements can be seen in Fig. 3.20.

The MSF LEs were measured by supplying the appropriate voltages, applied to the
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Figure 3.19: Photographs of the fabricated and measured structures. (a) MSF integrated LE circuit
(DUT) and the de-embedding structures, (b) short circuit, and (c) open circuit.

Vr and V¢ nodes from a Keithley 4200-SCS and the S-parameters were obtained
from an Agilent E8363B VNA. Vi was incrementally increased from zero to 1.8 V,
which is the maximum operating voltage of the technology, and V¢ is incrementally
increased from the (negative) minimum operating voltage of -1.8 V to the maximum
of 1.8 V. This results in a matrix of measurements, which are de-embedded by using
the technique proposed in [67] and converted to parallel configuration RC values.

The technique used [67] is a one port adaptation of the OS technique (Section 2.3.1.1).

The equivalent parallel configuration RC values are plotted in Fig. 3.21 at a
frequency of 5 GHz for various biasing levels. For Vy the following biasing levels
(in mV) were used: 0, 400, 500, 600, 700, 1000 and 1800, and for V: -1800, -250, -100,
0, 100, 250, 1800. It should be noted that in the final ASIC implementation, a digital
network controller will be used that includes multi-bit DACs to precisely control

these voltage levels at mV resolutions. From the measurements, it can be seen that
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Measurement Set-Up
1. Agilent E8363B VNA

2. Probe Station

3. Keithley 4200-SCS

Figure 3.20: Loading element’s on-wafer measurement set-up. The set-up consists of a probe station
equipped with two MW probes and DC probes, a vector network analyser (VNA) acquiring the

S-parameters and a semiconductor characterization system providing the biasing voltages.

a distinct area is obtained, where the minimum equivalent parallel resistance is ap-
proximately 25 () and the maximum equivalent parallel resistance is approximately
265 Q. The equivalent parallel capacitance range obtained is approximately from
2.1 pF to 5 pE In Fig. 3.21, the solid lines are plotted by keeping the V. biasing
level constant and by varying V. Similarly, in Fig. 3.21 the dashed lines are plotted
by keeping the Vi biasing level constant and by varying V. This is done to show
how the biasing voltages affect the LE. By increasing the gate voltage (Vz) of M,
(varistor), the equivalent parallel resistance value decreases, and by increasing the
gate voltage (V) of M, (varactor) the parallel capacitance decreases. There is also
variation in the equivalent capacitance for different varistor bias values. This can be
attributed to the DC block capacitance and the parasitic diodes formed at the source
and drain regions of the MOSFET. Also, variations in resistance have been observed
for different varactor biasing values, which are attributed to the quality factor of
the varactor changing with voltage, as is generally known from the Q-V curves (see
[62]).

Through the measurements of the individual circuit elements listed in Table 3.2
and shown in Fig. 3.17, discrepancies between circuit element simulations and mea-
surements were identified. These measurements can’t be shared without voiding

non-discloser agreements, but the findings can be elaborated for the purposes of this
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Figure 3.21: Measured parallel RC range for the MSF LE at 5 GHz.

chapter. The measured RC perimeter in Fig. 3.21 was expected to extend to a larger
parallel resistance (Rp) range and therefore obtain a larger RC area. This reduction
in RC area was more pronounced in the negative V¢ biasing voltage. Through in-
dividual circuit element measurement, the main culprit for the parallel resistance
reduction was found to be the MOS-varactor. The MOS-varactor’s quality factor
(Q) seemed to be optimistic in the provided device model in the PDK compared to
the measurements. The inductors and MiM capacitor’s quality factor slightly were
lower and therefore also contributed to some extent to the parallel resistance being

slightly smaller.

These findings made this intermediated step, the MPW fabrication and mea-
surement of the LE, beneficial to the overall PMSF development. Multiple LEs were
measured with very similar RC areas. One can argue if the correct path was to use
these measurements in the EM co-simulations in Kesight ADS. With only a very small
sample of LEs measured, and the entiyer IC population originating from the same
the same wafer one can’t draw an incorrect conclusions. Multiple measurements
over multiple wafers were needed to correctly predict the correct LE’s RC range
since it relies on the quality factor of its sub-components. A different approach was

adapted, in the next PMSF design in Chapter 4 a conservative RC range was used to
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Figure 3.22: Required LE RC values for perfect absorption of y-polarized oblique incidence for both
TE and TM polarizations at 5 GHz.

evaluate the performance of the PMSF as to ensure it’s operation over large quality

factor variations.

3.4 Metasurface Performance

The example unit cell geometry targeted a perfect absorber at a design frequency
of 5 GHz. At this frequency, absorption of TE-polarized waves (see legend in
Fig. 3.2(a)) was studied at various angles of 0 while keeping the angle ¢ = 0°,
corresponding to the xz-incidence plane with reference to Fig. 3.3(a). The absorption
of TM-polarized waves was studied at various angles of 0 at an orthogonal plane
with respect to the TE polarization (¢p = 90°), corresponding to the yz-incidence plane
with reference to Fig. 3.3(a). This discrimination between the TE and TM planes of
incidence is caused by the asymmetric connection (in the x- and y-directions) of
the L;-L4 vias to the MSF patches on the top layer, as shown in Fig. 3.3(a). The
discrimination between the TE and TM planes for y-polarized incidence arose as a
tradeoff between fabrication limitations, available loading impedance ranges and the
design target for angle-tunable perfect absorption for at least one polarization [95].
Oblique TM polarization has narrower angle tunability due to the E-field component
parallel to the vertical vias (Li-Ls and Ly4-L,), which gives rise to currents and mutual
coupling between the lateral traces of the grounding and RF terminals (in L,). Finally,
x-polarized incidence in both TE and TM planes will severely underperform due to
the trade-off mentioned; the physical reason is the large distance of the through vias

to the edges of the patches along the x-axis, Fig. 3.3(a).
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Figure 3.23: Reflection spectra for optimal RC values within the range provided by the ASIC, for
oblique incidence for (a) TE, and (b) TM polarizations.

The functional MSF performance can be seen in Fig. 3.22, where the optimal
RC values for absorption are overlaid with the 180 nm semiconductor process range
to demonstrate the capabilities of this example unit cell. Given the envisioned
8-bit resolution of the DACs biasing the LEs can seemingly continuous tune its
RC response to all the values within the RC perimeter plotted with a doted gray
line(in Fig. 3.22). The optimum RC combination for minimizing reflection (maximum
absorption) is plotted with blue circular and red triangular markers for TE and TM
polarizations, respectively. Since the LEs can match these RC combinations, the unit
cell can perfectly absorb at the target frequency of 5 GHz for an angle range. For TE
and TM polarizations the RC combinations overlap with the LE’s RC perimeter from
normal up to 45° and 25°, respectively, and therefore, the MSF can perfectly absorb
over that angle range. The TE angle range is larger, given that this was the target
polarization in the design process.

The performance is further examined in Fig. 3.23, where the reflection coefficient
is plotted for various angles of incidence as a function of frequency considering the
optimum RC load for each case. At normal incidence, the reflection coefficient
is less than -50 dB. This degrades as the angle of incidence increases, as shown
in Fig. 3.23(a)a for TE polarization. However, it remains below -30 dB up to 45°
that can be covered with the 180 nm technology, accommodating the majority of
RCS reduction applications. Similar behaviour is found for the TM polarization,
depicted in Fig. 3.23(b). The reflection coefficient at 5 GHz remains below -20 dB
up to 25° that can be covered with the 180 nm technology. Finally, the optimal
RC values for normal incidence are plotted in Fig. 3.22 for 5+0.1 GHz using black
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circular markers to illustrate the frequency effect on the RC values. The bandwidth
that can be accommodated for normal incidence is approximately 150 MHz around

the target frequency of 5 GHz.

3.5 Discussion and Conclusion

For this given MSF example design, the targeted polarization affects the technol-
ogy selection. From Fig. 3.22 it can be seen that TM polarization does not need large
resistance tunability, but requires a larger capacitance range. If emphasis were to be
placed on the TM polarization, then a 350 nm technology would have been more
appropriate. The 350 nm technology can easily be adapted to a TM polarization ab-
sorber and is more affordable. Similarly, for solely TE polarization performance, the
65 nm technology is more appropriate, since TE requires a larger resistance tuning
range and a lower capacitance range. As the semiconductor manufacturing costs
increase exponentially with decreasing feature sizes, a trade-off results in the choice
of 180 nm technology. This can realize large angles of incidence that would satisfy
the majority of radar cross section (RCS) reduction applications.

An example PMSF absorber design has been presented and has been used to
demonstrate the feasibility of a low-cost, low-power ASIC design for adaptive and
programmable MSFs. The ASIC design has been explored for various technology
nodes, where the performance has been evaluated in view of implementing tunable
complex impedance LEs. After selecting the appropriate 180 nm semiconductor
process technology with a nominal supply voltage of 1.8 V, it has been demonstrated
that perfect absorption can be achieved (-50 dB reflection coefficient) at normal
incidence as well as at oblique angles up to 45° for TE polarization and 25° for TM
polarization assuming an only positive supply voltage.

Even though the design presented demonstrated the feasibility of producing a
PMSF absorber, the design can’t justify the time consuming process of producing

ASICs for the following reasons:

e The textured top side of the PMSF, the rectangular patches, were chosen for
this design since they are analytically well understood (Section 2.1). Square
patches don’t posses a series inductive component in their equivalent circuit

like other unit cell shapes, Jerusalem crosses etc. [103-106]. This inductive
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component was expected to limit the frequency bandwidth and angular range
of the PMSF. Even so, the rectangular patch type unit cell couldn’t achieve a
satisfactory performance without focusing on one polarization and compro-
mising the other. This was done by breaking the unit cell’s symmetry. Not
to mention that for practical manufacturing reasons, namely the placement
of the ASIC below the ground plane and its connectivity to the textured top
side made the analytical modelling of the unit cell difficult without the use of

none-analytical methods.

The top-level architecture of the ASIC incorporates four individually addressed
LEs. The ASIC’s footprint or LEs layout was designed to be symmetric when
rotated within the unit cell. This was meant to give the ASIC an added flexi-
bility compared to the theoretical or initial work presented in [92]. Control of
the reflection coefficients for both x and y polarizations and cross polarization
conversion was favourable. This couldn’t be achieved by this design since it
required a larger RC range than the one provided by the LE. The co-authors
of [107], strived to control both polarizations and polarization conversion, but
settled on a suboptimal performance, even when using a LE RC range from

circuit simulation, which are not effected by layout parasitics [95].

The design frequency of 5 GHz was chosen for demonstration purposes, a
compromise between cost, manufacturability and ease in the experimental
validation stage. The measurements of the PMSF required it to cover a large
enough area (5 X 5 A?) in order to minimize the edge effects. This size could
have been manufactured with the PCB manufacturing facilities of the VISOR-
SURF consortium [55]. The size of the bistatic set-up used to measure the
PMSF’s reflection coefficients would need to excite the PMSF with a plane
wave. In order to excite the PMSF with a plane wave, either the distance be-
tween the antennas and PMSF need to be greater than the Fraunhofer distance
or lenses need to be used between the PMSF and the transmitting antennas
(Section 2.3.2). Lenses were not available and the anechoic chamber dedicated
for the measurement was restricted in size, therefore, a higher frequency was
favoured as it will require less distance between the PMSF and the transmit-
ting antennas. As for the cost of the PMSF, migrating to a higher frequency the

area of the PMSF becomes physically smaller, thus relaxing the measurement
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and manufacturing constraints, but the semiconductor process would need to
migrate from silicon to SiGe or GaAs. These semiconductor processes (SiGe or

GaAs) were too expensive to pursue.

The above points opted the design of a more complex PMSF design. The design
is described in Chapter 4. Part of the work in Chapter 4 pre-dates the work in this
chapter. The design utilizes the same ASIC, while aiming to increase the functionality
of the PMSF by alleviating the constrains imposed on the work in this chapter.

The design in Chapter 4 utilizes a different PMSF textured layer which is not well
understood analytically, but which provides more degrees of freedom compared
to the rectangular patch design proposed in this chapter. Furthermore, with the
establishment of sub-6 GHz fifth generation (5G) networks, operating at 3.3 GHz
to 3.8 GHz (S-band), a design operating in the S-band with a center frequency of
3.6 GHz would enable the PMSF to be utilized in a 5G network in various antenna
and future wireless environment applications, while also increasing the LE RC range.
Furthermore, the frequency reduction impact in the experimental validation will be

tolerable.

3.6 Contribution

The multidisciplinary work presented in this chapter was partially published in
[22,107] and had contributors from four institutions within the VISORSURF consor-
tium [55]. The four institutions are UCY (University of Cyprus), FORTH (Founda-
tion for Research and Technology - Hellas), Aalto Univesity, and IZM (Fraunhofer
Institute for Reliability and Microintegration). Contributors affiliated with UCY
predominantly contributed to the ASIC design, actual PCB layouts for production,
and chip powering/communication/networking aspects. Contributors affiliated with
FORTH and Aalto predominantly contributed in the MSF electromagnetic design,
related PCB material specifications, the unit cell geometry and absorber performance
evaluation. Contributors affiliated with IZM provided fabrication guidelines for the
design and handled the PCB manufacturing.

Explicitly, the author contributed with the design of the first MSF LE, it’s topol-
ogy within the ASIC, the selection of the semiconductor technology among the

economically affordable technologies and the LE’s connectivity to the unit cell.
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Chapter 4

Multifunctional Dual Polarization

ASIC Enabled Metasurface

In this chapter, the metasurface (MSF) loading elements (LEs) are utilized in
an innovative MSF, where the LE’s small size and simple tunability are exploited.
The LEs are designed such that four of them can easily fit on a single ASIC and
leave sufficient space for on-chip mixed-signal circuits for LE control, as well as
a digital network controller. The selected semiconductor technology presented in
Chapter 3 is used, and the experimental results are used to design an innovative
programmable metasurface (PMSF) design. Through targeted electronic and elec-
tromagnetic co-design, an innovative metasurface unit cell is implemented and a
programmable metasurface is demonstrated. Experimental measurements of the
fabricated loading element circuit in a 180 nm complementary metal-oxide semicon-
ductor (CMOS) technology are used in an electromagnetic simulator to demonstrate
programmable perfect absorption at normal and oblique angles of incidence for both
transverse electric (TE) and transverse magnetic (TM) polarizations. The LE size al-
lows four to be realized on a custom ASIC, with these, the PMSF is shown to control
independently and simultaneously the absorption of both TE and TM polarizations.
Furthermore, DAC and digital control circuits can be integrated with in the same

ASIC.

Assuming multi-bit discrete states, provided by the DAC biasing the LEs, a
finely tuned amplitude and phase response can be obtained. With this ability,
complex wavefronts can be generated. Complex wavefronts, such as multiple pencil

beam patterns are demonstrated, where each pencil beam’s polarization can be
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programmatically set between linear, circular, or even elliptic polarization. The
presented design operates in the vicinity of 3.6 GHz, and therefore has the potential
to be incorporated into multiple-user mobile communication systems, including 5G
networks and future wireless telecommunication networks.

It is shown that these ASICs offer the potential to increase the functionality of
PMSFs while reducing their cost and energy consumption. This approach requires a
large number of ASICs and entails significant challenges for the PMSF development.
Statistical models of RF and MW components are not provided by the majority
of commercially available semiconductor technologies, so their effects are usually
tackled in an empirical manner. These RF and MW components are used for the
loading of each unit cell within the PMSF, and the effects of component’s mismatch
cascades to the scattered far field (FF) of the PMSEF. A study of the effects of mismatch
on the scattered far field of an ASIC-equipped PMSF is presented for the case when
the PMSF is set to perfectly absorb and when the PMSF is set to generate multiple
pencil beams. A correlation between the degradation of the scattered far field and

the components’ standard deviation is shown.

4,1 Introduction

MTMs are composite materials which exhibited properties that can’t be repro-
duced by materials found in nature. In the beginning of the century, MTMs ex-
perimentally demonstrated negative-refractive index by achieving simultaneously
negative electrical permittivity and negative magnetic permeability [2]. The device
was composed by an array of electrically small unit cells which. This unit cells, were
composed by metallic split ring resonators and strips. Since then, researchers have
constructed numerous MTM devices, of which two noteworthy examples could ef-
fectively cloak an object [3] and resolve beyond the diffraction limit [4]. MTMs with
their aforementioned advance electromagnetic manipulation properties have found
application in many RF and MW component devices [6,8,9].

Electrically thin, two-dimensional MTMs, known as metasurfaces (MSFs), are
composite materials that have been shown to demonstrate many novel properties
such as anomalous refection [12,83], perfect absorption [11,108] and nonlinear refec-
tion [109]. Electronically tunable MSF refectors [21,87] and absorbers [88] have been

studied extensively. Furthermore, other means of tuning MSFs have been demon-
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strated. Magnetically tunable MSFs have been demonstrated in [28] by employing
ferrite material in the MSF. An investigation of an optically tunable MSF absorber,
which does not employ semiconductor electronics in the radio frequency (RF) path
has been shown in [30]. This was enabled by the optomechanic properties of poly
disperse red 1 acrylate, which was shown to possess a memory effect [31]. Liquid
crystals have been used in MSF design to achieve tunable behaviour [23,110], while
graphene has also been used to achieve a tunable response [25,26].

By designing the reflection phase of each unit cell, MSFs have demonstrated
wavefront manipulation such as multibeam reflection and simultaneous polariza-
tion conversion [89]. Additionally, isoflux patterns with circular polarization have
been synthesized [90], and local multipoint distribution service patterns have been
generated [91]. Programmable metasurfaces (PMSFs) have been recently demon-
strated by individually tuning each MSF unit cell electronically through software in
order to reduce the number of components and increase the resolution in synthetic
aperture radar systems [111], and to dynamically control scattering, focusing and
polarization rotation [32]. Also, by dynamically programming the modulation of
the reflection phase, accurate control of the harmonic level of a non-linear reflecting
MSF was obtained [35]. Furthermore, by programming the reflection phase of each
unit cell, reflective [34] and transmissive [33] holograms were demonstrated in the
microwave region.

The approachin [32] and [35] uses only reactively tunable commercially-available
off-the-shelf (COTS) components and large distributed elements to create a high
impedance in order to bias the MSF loading elements (LEs) from beneath the ground
plane without affecting the RF signal. This is a simple and common methodology,
but can prove to be difficult to implement since the MSF’s unit cells are electrically
small and leave little area for multiple tunable MSF LEs. Furthermore, their solution
requires a lot of power to bias the diodes, making larger surfaces impractical.

An investigation of the MSF capabilities has been shown in [92], where the MSF
was continually tuned by ideal adjustable complex impedance elements. The tuning
range for the LEs required in this MSF design extends to zero resistance, which is not
feasible. Furthermore, the work in [92] does not support independent absorption of
the transverse electric (TE) and transverse magnetic (TM) polarization components.

In this chapter, the proposed MSF design operates using realistic component

properties. This is demonstrated in simulations by using measured results taken
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Figure 4.1: Proposed programmable MSF design. The MSF design consists of 14x14 unit cells.

from a tunable complex impedance LE that was implemented in a commercially-
available 180 nm CMOS technology. When biased, the proposed LE circuit draws
a negligible amount of current, as opposed to [32]. The MSF’s LEs are optimized
for absorption in the low GHz region (S-band). The MSF is constructed from unit
cells, each consisting of four exponential tapers, arranged in a cross-like structure,
and connected at the center through a custom ASIC containing four MSF LEs, with
independent tunability. Perfect absorption is achieved at normal and oblique ang]les,
independently and simultaneously for both TE and TM polarizations, by using the
ability to tune each LE individually. The MSF design presented in this chapter is a
proof of concept. The ability to tune the absorption of both TE and TM polarizations
with reduced power consumption, in conjunction with the low cost gained from
the IC’s mass production, enables the MSFs design to be deployed in numerous
applications. At the design frequency of 3.6 GHz, the MSF can be used to absorb
fifth generation (5G) network signals to improve antenna isolation. Furthermore,
by addressing each unit cell individually, amplitude-only synthesis methods can be
used to synthesize wavefronts. The design can be adapted to other frequency bands,
thus enabling its use in other applications such as interference reduction in WiFi
networks, and RCS reduction in stealth technology.

Furthermore, within the finite complex impedance area that can be achieved by
the ASIC, other specific points that do not match the propagating wave’s impedance
for a given angle of incidence and polarization will reflect a portion of the incident
wave with a finite amplitude and phase. This is particularly useful, since this
provides control of both the amplitude and phase for each unit cell. By utilizing

the control circuit and DAC that are integrated in the ASIC, each unit cell can be
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addressed and set to a specific reflecting amplitude and phase. This ability is true

for both orthogonal polarizations (TE and TM).

The proposed design utilizing this ability is to be able to produce complex
wavefont patterns. Wavefront patterns like multiple pencil beams, and a mixture of
OAM and pencil beams where the reflection coefficients are calculated using a purely
analytical methods [16]. With this ability, the proposed MSF design can not only find
place in future MSF-aided indoor wireless telecommunication systems [38] but also
in outdoor telecommunication systems where there is a need to support multiple

users, such as 5G networks and future telecommunication systems.

This chapter is organized as follows. In Section 4.2 the unit cell of the proposed

design is presented in detail. In the same section, it’s perfect absorption capabilities
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Figure 4.2: Programmable MSF unit cell geometry (a) top view and (b) bottom view showing the

integrated MSF loads.
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are demonstrated. The wavefront generation capabilities of the design are demon-
strated in Section 4.3. A study on the effects of mismatch on ASIC-equiped MSFs
is represented in Section 4.4. The chapter ends with the conclusion and a short

discussion in Section 4.5.

4.2 Programmable Metasurface Unit Cell

The proposed PMSF unit cell geometry can be seen in Fig. 4.2. The top side of
the unit cell shown in Fig. 4.2(a) consists of four exponentially tapered conductors
(on Layer 1) terminated through four vias to the bottom side (on Layer 2) of the
unit cell to an ASIC shown in the side view inset of Fig. 4.2(a) and Fig. 4.2(b). The
ASIC contains four MSF LEs, each occupying a space of 520 um x 640 um, acting
as tunable complex impedance loads. The substrate consists of two layers of R-
5785(N) (¢,=3.36, tan 6=0.0015 at the design frequency of 3.6 GHz) with a thickness
of 2.137 mm (S,) for the top layer (Sub. 1) and 0.215 mm (S,) for the bottom layer (Sub.
2). Between the top and bottom layer a copper sheet is placed (GND), effectively
acting as a ground plane.

On the bottom side, the ASIC connects to the four vias through the edge pins of
the ASIC shown as T; to Ty in the inset of Fig. 4.2(b). The vias are connected to the
top side through circular openings in the ground plane. The center pin is connected
to ground through a 45 ym width line. The ASIC forms an impedance network

as shown in the equivalent circuit in the bottom left insert of Fig. 4.2(b), where it

Table 4.1: Programmable metasurface unit cell’s geometry parameters.

Geometric Parameter | Dimension (mm) Description
5 2.137 Top Substrate Thickness
S, 0.215 Bottom Substrate Thickness
D 26.0 Period of the Unit Cell
G 4.0 Gap Distance
Ts 20.0 Taper Start Width
Ts 1.0 Taper End Width
Ty 7.0 Taper Length
Pg 1.6 ASIC’s RF Port Pitch
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consists of four parallel RC connections. This equivalent parallel RC connections are
represented in this section as four complex impedances Z,, Zg, Z¢, and Zp, as can
be see in Fig. 4.3. These impedance, are referred to as MSF LEs and can be tuned

individually within the finite range shown in Fig. 4.4.

The MSF LEs were measured by supplying the appropriate voltages, applied to
the Vr and V¢ nodes from a Keithley 4200-SCS and the S-parameters were obtained
from an Agilent E8363B VNA as described in Section 3.3.7. The Vi and V¢ nodes
were initially set to their minimum voltage of -1.8 V and zero respectively and
incrementally increased to 1.8 V, which is the maximum operating voltage of the
technology. The obtained LE response from the VNA was de-embedded using a one
port adaptation of the OS technique (Section 2.3.1.1) described in [67] and converted

to parallel configuration RC values.

The equivalent parallel configuration RC values are plotted in Fig. 4.4 at a
frequency of 3.6 GHz for various biasing levels. From the measurements, it can
be seen that a distinct area is obtained, where the minimum equivalent parallel
resistance is approximately 25 QO and the maximum equivalent parallel resistance
is approximately 290 (), while the equivalent parallel capacitance range obtained is
approximately from 1.7 pF to 4.4 pF.

In this design, a more conservative RC range, smaller than the one shown
in Fig. 4.4, is used in order to account for process variations, and to ensure the
robustness of the design. The capacitance range considered has a minimum value

of 2 pF and a maximum of 3.5 pF and the resistance range is from 25 (2 to 150 Q.

T, 00— / / —O T,
7 z 7 z
8 Sl

n,o— / o
7 /7

O
Center GND pin

Figure 4.3: Equivalent circuit of the ASIC chip that consists of four MSF LEs
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Figure 4.4: Measured parallel RC range for the MSF LE at 3.6 GHz.

The finite measured RC range from the real chip implementation was entered
into a full-wave simulator and the electromagnetic response of the MSF was obtained.
The unit cell was simulated using master-slave boundary conditions in ANSYS HFSS
in order to obtain the response of the complete MSF. The RC values were entered
as RLC boundaries in a parallel configuration. The magnitude of the reflection
coefficient at the design frequency for various incident angles and for a range of
capacitance and resistance values is plotted in Fig. 4.5 and Fig. 4.6 for TM and TE

polarizations, respectively.

Here, it is considered that perfect absorption is obtained when the magnitude
of the reflection coefficient is less than or equal to -30 dB. This means that for each
incident angle, perfect absorption is obtained not only for a singular RC load value,
but rather for an RC area. Within this area, there is one optimum RC value that
achieves the minimum reflection coefficient. The optimum RC values for absorption
are Rp = 41 Q and Cp = 2.7 pF for a normally incident wave for both TM and TE
polarizations (Fig. 4.5(a) and Fig. 4.6(a)). As the angle 0 increases, the difference
for optimum RC values between the TM and TE polarizations begins to diverge.
For small angles of incidence, an RC value could be set on all the loads to obtain

perfect absorption. This is the case for an incident angle 0 equal to 15° where the
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Figure 4.5: Reflection coefficient magnitude in dB for TM polarization and angles of incidence range

from 6 =0° to 60° . (a) 6 =0°, (b) 6 = 15°, (c) 6 =30°, (d) 6 = 45°, (e) 6 = 60°.

-30 dB area overlaps between TM (Fig. 4.5(b)) and TE (Fig. 4.6(b)) polarizations and
a single RC combination can achieve a reflection coefficient below -30 dB (e.g. Rp
=41 Q and Cp = 2.8 pF). For greater angles of incidence, the -30 dB area does not
overlap between the TE and TM polarizations, as can be seen for incident angles
of 0 = 30° (Fig. 4.5(c) and (Fig. 4.6(c)), 0 = 45° (Fig. 4.5(d) and Fig. 4.6(d)) and 0 =
60° (Fig. 4.5(e) and Fig. 4.6(e)). This means that there is no single RC combination
that could achieve perfect absorption for both TM and TE polarizations for oblique
incidence greater than 0 = 15°. Considering the most oblique incidence angle shown
in Fig. 4.5 and Fig. 4.6, 0 = 60°, in Fig. 4.5(e) one can see that the optimum RC
values for TM polarization are Rp = 32 () and Cp = 3.1 pF, and in Fig. 4.6(e) for TE
polarization the optimum RC values are Rp = 82 QQ and Cp = 3.3 pF. If the MSF LEs
could not be individually controlled through the integrated circuit electronics and
had to be controlled from a global voltage across the entire array, then they would
have to have a common RC value. In this case, if the common RC values were to
be set for the TM polarization in all four loads, this will only achieve a reflection

coefficient that is not less than -10 dB for TE polarization (Fig. 4.7(a)). Similarly, if
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Figure 4.6: Reflection coefficient magnitude in dB for TE polarization and angles of incidence range

from 6 =0° to 60° . (a) 8 = 0°, (b) 6 = 15°, (c) 6 =30°, (d) 6 = 45°, (e) 6 = 60°.

the common RC values were to be set for TE polarization, the TM absorption will

suffer and only achieve a reflection coefficient no more than -10 dB (Fig. 4.7(b)).

Considering Fig. 4.2 and Fig. 4.3, one can observe that a TE polarized incident
wave with an incident angle 0, which has an electric field only along the y direction,
will only generate a potential difference between T; and T3. This means that for TE
polarization loads, Z,4 and Z¢ are not acting upon the MSF since there is no potential
difference between them and Z, and Zc are only effectively active. In Fig. 4.8, the
surface current density is plotted on the top conductors of the MSF, and on the
bottom conductors that connect to the ASIC (at the centre of the plots). Fig. 4.8(a),
the unit cell is excited with a TE polarized wave at an incident angle 0 of 60°. It can be
seen in that the highest currents (depicted in red colour) are at the centre of the plot
on the bottom conductors that connect to the ASIC in the y direction, and the ones in
the x direction are in green color, meaning there is very little current flowing in the
x direction. This indicates that for the TE polarization, only the loads Z4 and Z¢ are
acting upon the MSF surface impedance. Similarly, a TM polarized incident wave

which has an electric field only in the x direction, will cause a potential difference
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Figure 4.7: Reflection coefficient magnitude for 0 = 60°. In (a) all loads are in tuned for TM polarized
absorption Z4, Zp, Z¢ and Zp RC values Rp = 32 Q) and Cp = 3.1 pF. In (b) all loads are tuned for TE
polarized absorption Z4, Zg, Z¢c and Zp RC values Rp =82 Q) and Cp = 3.3 pF and (c) RC values for Zp
and Zp are tuned for TM polarized absorption (Rp = 32 Q) and Cp = 3.1 pF) and RC values for Z4 and
Zc are TE polarized absorption (Rp = 82 Q and Cp = 3.3 pF). (RC values are in parallel connection)

between T, and T}. In this case, only Zp and Zp, effectively act upon the MSF surface
impedance. In Fig. 4.8(b), the unit cell is excited with a TM polarized wave at an
incident angle 0 of 60°. In this case, the strong currents are in the x direction at
the centre of the plot. An incident wave which has electric field components in
both the x and y directions, such as the off-axis linearly polarized case of Fig. 4.8(c),
the circularly polarized case of Fig. 4.8(d) or even elliptically polarized cases, can
be vectorially decomposed into their x and y components, and the loads on the x
(Zp and Zp) and y (Z4 and Z¢) axes can be tuned individually in order to obtain
perfect absorption for both polarizations. The great advantage of having multiple,
independently controlled LEs in a single ASIC is that the bias for each LE can be
optimized independently so as to maximize absorption for both the TE and TM

polarizations simultaneously. Furthermore, if one were to try to get this kind of
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Figure 4.8: Surface current density magnitude for 0 = 60°. In (a) the incident wave is TE polarized
and the RC values for all loads are set for TE absorption, Z4 , Zp, Z¢c and Zp RC values are Rp =
82 () and Cp= 3.3 pF. In (b) the incident wave is TM polarized and the RC values are set for all loads
for TM absorption, Z4, Zg, Z¢ and Zp RC values are Rp = 32 Q) and Cp= 3.1 pF. In (c) the unit cell
is excited with a linear polarization (|TE|=|TM|, /TE-/TM=0°). In (d) the unit cell is excited with a
circular polarization (|TE|=|TM]|, /TE-£ZTM=90°). For both (c) and (d) RC values for Zg and Zp are
tuned for TM polarized absorption (Rp = 32 Q and Cp = 3.1 pF) and RC values for Z, and Zc are
tuned for TE polarized absorption (Rp = 82 Q) and Cp = 3.3 pF). (RC values are in parallel connection)

controllability with discrete, commercially-available off-the-shelf components, their
large size would be prohibitive, and there would be significantly higher parasitics
involved with multiple packages. In Fig. 4.8(c) the unit cell is excited with an incident
wave that is linearly polarized, while in Fig. 4.8(d) it is circularly polarized. Optimal
RC values for TM polarization are set to Zg and Zp, and the optimal RC values for
TE polarization are set to Z, and Zc. It can be seen that in both cases the surface
currents are stronger at the ASIC connection, indicating that the electromagnetic

wave is dissipated on the ASIC’s LEs. In Fig. 4.7(c), the magnitude of the reflection
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Figure 4.9: Reflection coefficient magnitude for TE polarization at normal angle of incidence (6 = 0°)

for optimal loading element combinations, demonstrating frequency-tunable perfect absorption.

coefficient is plotted for an incident angle 0 of 60°. Optimal RC values for TM are
set to Zp and Zp, and the optimal RC values for TE are set to Z4 and Zc. Both TM
and TE polarizations are absorbed perfectly at the design frequency, regardless of

the phase and magnitude difference between them.

Even though this particular design aims to implement an adaptive MSF absorber
at a single frequency (3.6 GHz), it is also worth mentioning its frequency-tunability
capabilities. In Fig. 4.9 the reflection coefficient is plotted for TE polarization at a
normal angle of incidence. It can be seen that the MSF exhibits perfect absorption
over a range of frequencies around 3.6 GHz by adjusting both the resistance and
capacitance values of all the loads within the measured achieved range, as shown in

the labels of Fig. 4.9.

The absorption of a wave that contains electric fields in both the x and y di-
rections is the more common case if an MSF were to be installed within a realistic
scenario where the MSF is not aligned to the wave source. The flexibility to adjust
the absorption of both orthogonal electric fields independently is a key feature for
tunable MSF absorbers where the direction and polarization of the incident wave
changes in time. A key enabler of this feature is the custom integrated circuit with
tunable MSF loading elements, giving the ability to provide a tunable complex
impedance, within a much smaller area than any commercially-available off-the-
shelf components. Furthermore, there is no need for the use of distributed high

impedance nodes that take up valuable space on a PCB, such as radial stubs and
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quarter wavelength lines.

4.3 Multibeam Synthesis

The functionality shown so far of the MSF design shown in Fig. 4.1 was global,
meaning that all the unit cells were controlled in the same manner. The ASIC in terms
of RF operation for non-global operation still uses four LEs that forms a double T
network between four terminals (T-T4), as shown in the inset figure of Fig. 4.2(b).
The equivalent circuit of the ASIC can also be seen in Fig. 4.2(b). This equivalent
circuit possesses a complex impedance which effectively loads the unit cell, and thus
alters it surface impedance [22].

In the previous section, it was shown that by loading the unit cell with an
appropriate complex impedance one can match the surface impedance to the prop-
agating wave impedance, and thus obtain perfect absorption. This was shown to
be obtained for TE and TM polarizations for wide angles of incidence. Furthermore
the absorption of TE and TM polarised waves can be controlled simultaneously or
independently [22].

Within the finite complex impedance area that can be achieved by the ASIC,

TI VCI TZ
| VR]
VRZVCZ
DAC |[€— —» DAC
CONTROL
DACje— CIRCUIT —»DAC
Vea Vg T T
C 7! % R, g 6 C 7—_/ % R;
5 VR3 =
VC3

Figure 4.10: Top-level diagram of the ASIC, showing the four varactors and the four varistors that

load the MSF, the eight DAC, and the communication control circuit.
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Figure 4.11: (a) Magnitude, and (b) phase of the calculated reflection coefficients required to generate

three pencil beams.

other specific points that do not match the propagating wave impedance for a given
angle of incidence and polarization will reflect a portion of the incident wave with
a finite amplitude and phase. This is particularly useful, since this provides control
of both the amplitude and phase for each unit cell.

Amplitude and phase control would be particularly useful for not only ab-
sorption applications but also for synthesis applications. Synthesis of a reflected
wavefront would entail that control of each unit cell can be performed. This is a
non-global operation where each unit cell needs to be programmed in a different
manner. As will be shown later in this chapter, by incorporating DAC and a control

circuits within the IC, such synthesis functions can be performed.

4.3.1 Single Polarization Wavefront Synthesis

Let’s consider a MSF design consisting of 14x14 unit cells, as can be seen in
Fig. 4.1. The details of the individual unit cell can be seen in Fig. 4.3. The ASIC
consists of four programmable varistors and varactors [22]. A varistor and a varactor
is connected to each one of the four terminals (T; to T,) and a centre common
terminal that connects to the ground. Within the ASIC, additional eight DAC and
an asynchronous control circuit [96] can be integrated to achieve individual unit cell
programmability. The top level diagram of the ASIC can be seen in Fig. 4.10 [107].

Taking advantage of the ability to control amplitude and phase, one can utilize

the addition theorem [16] to calculate the reflection coefficient of each unit cell for
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Figure 4.12: Normalized reflected electric field over the uv coordinates. The reflection coefficients
shown in Fig. 4.11 were implemented and the incident wave direction is indicated with a black

triangle.

a MSF consisting of MXN = 14x14 unit cells. The calculated normalized reflection
coefficients that are required in order to generate a more complex wavefront, for
example three pencil beams. The reflection coefficient amplitude and phase are
plotted in Fig. 4.11. The MSF was designed in ANSYS HFSS, and was excited
with a plane wave at 3.6 GHz. The MSF was loaded with the appropriate complex
impedances for each unit cell, which were realized using one of the 2! discrete LE’s

states.

The obtained reflected electric field can be seen in Fig. 4.12, plotted in the uv-
coordinates. The uv coordinate variables are related to the spherical coordinate

variables 0 and ¢ as follows:

u = sin 6 cos P, v = sin O sin ¢. (4.1)

The incident plane wave is marked with a black triangle in Fig. 4.12, and the
three resultant pencil beams are clearly indicated by the high-intensity yellow dots.
Polar plots of the results shown in Fig. 4.12 are also plotted in Fig. 4.13(a) and
Fig. 4.13(b) for the ¢ = 18° and ¢ = 72° cuts, respectively. Between the two latter
tigures, the three pencil beams can be clearly seen. A single pencil beam and even
more than three pencil beams can be realized in a similar manner with the presented

design.
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Figure 4.13: Polar plots of the electric field (V/m), for (a) ¢ = 18°, and (b) for ¢ = 72°.

4.3.2 Dual Polarization Wavefront Synthesis

The multibeam capabilities of the design can be extended to programtically load
the unit cell in an anisotropic manner in order to control the TE and TM polarizations
independently. In this way, polarization diversity of the MSF design reported in [22]
can be demonstrated. The design was shown to be able to produce multiple pencil
beam patterns [45]. Four pencil beams at 3.6 GHz are generated utilizing the addition
theorem [16]. The polarization state of each pencil beam is demonstrated to switch
between LP, CP and even elliptic polarization (EP).

The reflection coefficient can be expressed as a 2x2 matrix for both TE and TM

polarizations:

po | (4.2)
Tyx Tyy

The loading varactors and varistors that are connected on terminal T; and T3

are placed in the y-axis direction (see Fig. 4.2(b)). By controlling the resistance and
capacitance values of these elements (R; and C; for T3, R3 and C; for T3) one can
control the reflected amplitude and phase of the TE polarization (r,,). Similarly,
the resistance and capacitance values of the varactors and varistor connected to T,
(R, and C2) and T4 (R4 and Cy) are connected on the x-axis direction. This gives
them control of the reflected amplitude and phase of the TM polarization (7).
Furthermore, since the TE and TM polarizations are orthogonal to each other, the
varactor and varistor values on T; and T3 will not affect the TM polarization control
and similarly the varactor and varistor values on T, and T4 will not affect the TE

polarization control. This ability was exploited in [22] to perfectly absorb an incident

wave which contained both TE and TM polarization components.
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Figure 4.14: Calculated reflection coefficients for r., and r,y, (@) Zrxy, (b) [ryxl, (c) Zryy and (d) [ryyl.

Even though the ASIC can address each varactor and varistor independently, in
this work it is considered that the resistance and the capacitance values of the varistor
and the varactor that are connected to T; and T3 are equal. Similarly, the resistance
and the capacitance values of the varistor and the varactor that are connected to T»

and T} are also considered equal.

The reflection coefficients that produce a pattern with four pencil beams were
calculated using the addition theorem [16]. In order to set the polarization state for
each pencil beam, their orthogonal components are phase shifted, as described in
[89]. In order to demonstrate the capabilities of this MSF design, one pencil beam
was set to be right-hand circular polarization (RHCP), one to be left-hand circular
polarization (LHCP) and the other two to be linearly polarized. The calculated
reflection coefficients are plotted in Fig. 4.14. In Fig. 4.14(a) and Fig. 4.14(b) the angle
and magnitude of r,, respectively, are plotted, and in Fig. 4.14(c) and Fig. 4.14(d) the
angle and magnitude of r,,, respectively are plotted. Here, n and m are the index in

the x and y-directions, respectively.

By relating the reflection coefficient to a varistor and varactor values (RC values),
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Figure 4.15: Normalized total reflected electric field (V/m) produced by the MSF when implementing
the reflection coefficients shown in Fig. 4.14. The incident wave direction is indicated with a black

triangle.

the reflection coefficient distribution takes a physical form. A Visual Basic script was
utilized to implement the MSF in ANSYS HFSS with the appropriate loading values.
The MSF was excited with a plane wave at 3.6 GHz.The obtained reflected electric
field can be seen in Fig. 4.15, plotted in the uv coordinates. The incident plane wave
direction is marked with a black triangle in Fig. 4.15. The four pencil beams can be
clearly seen with bright yellow color over the blue background.

In Fig. 4.16 the results of Fig. 4.15 are plotted in more detail. In Fig. 4.16(a) a 3D
plot of the total electric field is plotted and the polarization of each beam is indicated.
The four beams are plotted in ¢ = 27° (Fig. 4.16(b)), ¢ = 63° (Fig. 4.16(c)), ¢ = 117°
(Fig. 4.16(d)) and ¢ = 135° (Fig. 4.16(e)) on polar plots. Two LP pencil beams are
shown (¢ = 27°, ¢ = 63°), together with two CP pencil beams (RHCP ¢ = 117°, LHCP
¢ = 135°), where in both cases the axial ratio is near unity as expected. All polar
plots in Fig. 4.16 are overlaid with the calculated reflected electric field and are in

good agreement.

4.3.3 Orbital Angular Momentum Beam Synthesis

Beams with orbital angular momentum (OAM) were also generated by MSF de-

signs [18,112]. OAM beams are an attractive solution in telecommunication systems
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Figure 4.16: (a) 3D plot of the electric field (V/m) shown in Fig. 4.15, and four polar plots of the electric
field, one for each pencil beam (b)-(e). (b) ¢ = 27°, (c) ¢ = 63°, (d) ¢ = 117° and (e) ¢ = 135°. The

polarization of each pencil beam is indicated on each polar plot and in the 3D view in (a). On the

circularly polarized pencil beams in (d) and (e), the axial ratio is overlaid.
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<

Figure 4.17: Proposed MSF design consisting of 14x14 unit cells, modified to operate at 4.1 GHz.

since they can be spectrally efficient and possess anti-jamming capabilities. For this
reason, the author chose to demonstrate the MSF design in producing such beams.

In this section, the advanced capabilities of a MSF design reported in [22,45] are
demonstrated. In the previous sections, the design was shown to be able to perfectly
absorb incident waves [22] and to produce multiple pencil beam patterns [45]. In this
section, the design was adapted to operate at 4.1 GHz, and programmed to generate
a complex pattern consisting of a pencil beam and an OAM beam. The proposed
MSF design can be utilized in MSF-assisted indoor and outdoor telecommunication
systems.

The proposed MSF design can be seen in Fig. 4.17. The design consists of 14x14
unit cells. The unit cell geometry can be seen in Fig. 4.18, and it has been described
in [22,45], where its perfect absorption and multibeam generation capabilities were
demonstrated. The top side of the unit cell can be seen in Fig. 4.18(a). The bottom
side of the unit cell can be seen in Fig. 4.18(b), where the integrated circuit is located.
The ASIC loads the MSF with four parallel resistors and capacitors (RC) at the four
terminals T to T4y. The equivalent circuit of the ASIC can also be seen in the insert of
Fig. 4.18(b). Small variation in the geometry of the unit cell were done and a different
substrate is used in the design as it was available at the time. The specific geometric
parameters used in this simulation can be found in Table 4.2. The substrate used

was Megtron 6 by Panasonic.

The unit cell was simulated in periodic boundary conditions to correlate the
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Figure 4.18: MSF unit cell geometry, (a) top view, and (b) bottom view showing the ASIC and its

equivalent circuit.

RC values to the reflection amplitude and phase responses at the design frequency
of 4.1 GHz. The reflection coefficient to produce the complex reflected pattern
overlaid in Fig. 4.17 were calculated using [16,18,112]. The amplitude and phase
of the calculated reflection coefficients can be seen in Fig. 4.19(a) and Fig. 4.19(b),
respectively for all the unit cell.

Here, n and m are the index in the x and y-directions, respectively. The corre-
lated resistance and capacitance values can be seen in Fig. 4.19(c) and Fig. 4.19(d),
respectively.

A Visual Basic script was implemented to create the MSF in ANSYS HFSS with
the correlated RC values. The MSF was illuminated using a plane wave excitation
with the polarization shown in Fig. 4.17. The simulated total scattered field can be
found in Fig. 4.20 plotted over the uv-coordinates. The results clearly show a pencil
beam and an OAM beam at the desired direction.

The ASICs” accuracy in providing the set RC response in each LE was not
addressed in the previous sections. Some error is expected in the RC values and

some variability between ASICs’ responses. Furthermore, even in the same ASIC

Table 4.2: Unit cell’s geometry parameters adopted for operation at 4.1 GHz.

Geometric Parameter | Dimension (mm) Description
H; 1.82 Top Substrate Thickness
H, 0.2 Bottom Substrate Thickness
D 255 Period of the Unit Cell
Wr 20.0 Rectangular Ring Width
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Figure 4.19: Calculated reflection coefficient, (a) amplitude and (b) phase. Correlated (c) resistance

and (d) capacitance values.
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Figure 4.20: Normalized reflected total electric field (V/m) over the uv-coordinates. Incident plane

wave direction indicated with a black triangle.

some variation between varactors or varistors is expected. This error would arise

from a myriad of manufacturing imperfections within each ASIC. A study on these
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effects is presented in next section to address these effects on the perfect absorption

and wavefront synthesis capabilities of the PMSF.

4.4 ASIC Mismatch Effects

The electronic control of MSFs provided the possibility to control each unit cell
individually, without human or user intervention through software. By biasing each
unit cell through the outputs of an FPGA and connecting it to a computer, software
control was now possible. This simple logical step gave birth to programmable meta-
surfaces (PMSFs). By controlling each unit cell through software, PMSFs were able
to demonstrate multiple reconfigurable functions, such as polarization, scattering
and focusing control [32], holography [33,36], non-linear harmonic control [35,113],
machine-learning imaging [36], and frequency recognition for self-adaptivity [37].

PMSFs, having demonstrated multiple and reconfigurable electromagnetic ma-
nipulation capabilities, now provide the potential to greatly improve wireless telecom-
munications through the smart radio environment reconfiguration paradigms [38-
42], and to increase the capabilities and agility of antenna applications as shown in
the previous sections (Section 4.3.1-Section 4.3.3 [43-45]), and [46,47]. These PMSFs
can be found in the literature as intelligent reflective surfaces (IRSs), reconfigurable
intelligent surfaces (RISs), reconfigurable reflective surfaces (RRSs) and even hyper-
surfaces. PMSFs in their current state rely on power-hungry and costly FPGAs. The
work presented so far in this chapter, aims to reduce the power consumption and
cost of PMSFs [22,95,107] while increasing their capabilities. This is achieved with
the incorporation of the custom ASIC in all the unit cells. The designs significantly
expand the multifunctional properties of the design presented in [92] and use the
custom integrated MSF LEs presented in Section 3.3.1 [22] in every ASIC. These
PMSF designs presented in this chapter (Chapter 4) and Chapter 3 triggered the
development of the first family of custom ASICs which is later presented in the next
chapter (Chapter 5) [114]. These ASICs as intended, will incorporate DACs, control
circuits and four individually addressed LEs.

In order for PMSFs to be established as a common telecommunication tech-
nology, significant steps need to be taken towards their commercialization. Other
aspects besides cost and power consumption need to be addressed. The large num-

ber of ICs needed for the implementation of PMSF designs [22,43-45,95,107] may be
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desired or expected to each have an identical response. Unfortunately, ICs during
their manufacturing experience process variations and mismatch that will alter their
actual responses from their nominal ones [115,116]. This is because a process’ se-
quential computer controlled manufacturing steps may not control doping factors,
temperature and device dimensional features such as, the line widths that are often
comparable to the wavelength of the light used in the lithography process. These are
just a few reason among a myriad of reasons why process variations and mismatches
occur. Reproducibility in standard IC processes is achieved by taking into account
statistical models of the IC’s components and making the design tolerant to them
[117,118]. These models are obtained by measuring a large number of components in
multiple wafer batches in a standard IC process, and by extracting statistical model
parameters [119]. The curve for these variations is typically a skewed normal distri-
bution with a standard deviation (o). Although the effects of process variations and
mismatch are present in all devices and both are caused by manufacturing imperfec-
tions, there is a distinction between them. Process variations are the wafer-to-wafer
variations which will cause the mean value response of a device population to de-
viate in a wafer batch, while the mismatch is the device-to-device variation within a
wafer batch, this will cause the standard deviation of a device population [119]. A
process will produce its worst-case scenarios when the tightly computer controlled
sequential manufacturing steps for various manufacturing reasons may produce
a device that is at the two edges of the normal distribution. The two worst-case
scenario models are named fast and slow models.

Probabilistic models are usually supplied with the PDK for common IC tech-
nologies. Unfortunately, this is not the case for the RE/ MW components. RF and
MW components are only supplied with fast and slow models and it is common
that one can make an RF/MW design still operate even with these two extreme cases
by using various biasing or tuning and compensation techniques [120,121], but in
the case of PMSF designs where the IC numbers are relatively large this might be
impractical. Process variations can be compensated at a global scale when the size
of the PMSF can be populated with ICs from the same batch. Mismatch on the other
hand, would be hard to compensate without the use of a computer-aided heuristic
approach. Furthermore, the mismatch effects on the far field response of a PMSF
remain unknown.

This section studies the effect on the scattered far field of an IC-equipped PMSF
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design which is subjected to different degrees of mismatch variations. In this study,
a standard deviation of 10% to 40% of the component values of the LEs of the IC is
applied.

4.4.1 Mismatch Metasurface Simulation

The proposed PMSF design in this chapter, can be programmed to control the
reflection coefficient (magnitude and phase) of each unit cell for both TE and TM
polarizations. This is achieved by simply changing the capacitance and resistance
values of each varactor (C; to C4) and varistor (R; to Ry). This can be exploited
to demonstrated the perfect absorbance of complex polarization incident waves
for a wide angle range as shown in Section 4.2 [22], and even the generation of
complex wavefronts Section 4.3 [43—45]. The results presented in this chapter so
far were ideal, meaning that they consider that all the ICs are identical [22,43-45].
This scenario is not realistic, since some variability due to process variations and
mismatch is expected between ICs and even between different LEs within the same
IC. This variation is expected to follow a normal distribution with a mean value and
a standard deviation (o). Unfortunately, for RE/MW components these statistical
models are not supplied by the foundries with their PDK.

This lack of statistical models leaves modern PMSF engineers to face this chal-
lenge. One can address this by producing the models, but the post-packaging
characterization of a large number of ICs to produce the statistical model will be
a cumbersome and costly process. This process will also be subjected to the vari-
ability of connectors, to PCB calibration standard errors and de-embedding errors.
Furthermore, even when obtaining the statistical models, a large number of PMSF
simulations with such expected standard deviation of the component values will
require a large amount of computational resources and time to complete.

In this section, such scenarios of an IC-equipped PMSF design that is subjected to
mismatch are simulated. The PMSF is simulated in ANSYS HFSS, where the PMSF is
created with custom Visual Basic scripts [22,43-45]. The LEs are implemented using
RLC boundary sheets and the PMSF is illuminated by a plane wave at 0 = 30° and
¢ = 0°, whose electric field contains 6 and ¢ polarization components, both equal to
1 V/m. The size of the PMSF is kept at a 14x14 unit cells, which is the maximum size

that can be simulated with the available resources.
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4.4.1.1 Perfect Absorbance Case

In this section, the case where the PMSF is set to perfectly absorb an incident
wave is studied. The incident wave contains both TM and TE components. Since
the incident wave’s angle is 0 = 30°,¢ = 0° the TM component is the x-polarized
component, and it will be programmed for absorption by the tunable elements
located along the x-axis, the RC elements R;, C; and R3, C; [22]. Their RC values are
1.9 pF and 40 Q. The TE component, which in this case is the y-polarized component
will be programmed for absorption by the RC elements R,, C, and R4, C4 which will
have the RC values of 2 pF and 44 Q.

These RC values are nominal values which realistically are not provided by all
the ICs while having the same state. A normal distribution around these nominal

RC is applied for the PMSF simulations to emulate the mismatch effects. A standard
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Figure 4.21: Capacitance values for the 14x14 unit cell PMSE. All plots contain a histogram for the
population of capacitances for a standard deviation, o, of 10% of their nominal values, and fitted
curves for the populations for 10%, 20% ,30% and 40% standard deviation. (a) C1, (b) C2, (c) Cs, (d)

C4 and in (e) the legend is shown.

113



CHAPTER 4. MULTIFUNCTIONAL DUAL POLARIZATION ASIC ENABLED METASURFACE

deviation, o, of 10% to 40% of the nominal RC values is considered.

The distribution of the capacitance of the LEs is shown in Fig. 4.21, while the
distribution of the resistance of the LEs is shown in Fig. 4.22. In all distributions of
the capacitances (C; to C4 in Fig. 4.21(a) to Fig. 4.21(d)) and the resistances (R; fo R4
in Fig. 4.22(a) to Fig. 4.22(d)) a histogram showing the population of capacitance
or resistance values is plotted for 0 = 10%. This population is generated with
the “normrnd” function and curve fitted with the “fitdist” function in MATLAB™.

On the same plots, curve fitted distributions for the generated RC populations for

0 = 20%, 30% and 40% are plotted.

The simulated scattered total electric field results (E,.) of the PMSF can be seen
in Fig. 4.23 plotted over the uv coordinates. In Fig. 4.23(a) the ideal scenario where
all the ICs have the nominal RC values is plotted (¢ = 0%). In this scenario, all the

30 30
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Figure 4.22: Resistance values for the 14x14 unit cell PMSF. All plots contain a histogram for the
population of resistances for a standard deviation, o, of 10% of their nominal values and fitted curves

for the populations for 10%, 20%, 30% and 40% standard deviation. (a) Ri, (b) Rz, (c) R3, (d) Ry and

in (e) the legend is shown.
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Figure 4.23: Scattered total electric field plots for a standard deviation (¢) equal to (a) 0% (nominal

RC values), (b) 10%, (c) 20%, (d) 30% and (e) 40%.

reflected field is below -30dB. This reflected field is mainly attributed to the edge
effects of the PMSF. This field can be considered as a reference point for the PMSF
design. The reflected field resembles a small beam following Snell’s law (at # = -0.5
and v = 0) with some sidelobes. The sidelobes are placed along the v = 0 line and
the u = -0.5 line. By increasing the standard deviation to 10% (Fig. 4.23(b)) a more
random pattern starts to appear, where noticeable fields are present outside the v =
0 line and the u = -0.5 line. This increasing scattered electric field trend is also true
when the standard deviation increases to 20% (Fig. 4.23(c)) and 30% (Fig. 4.23(d)).
When the standard deviation is increased to 40% (Fig. 4.23(e)) the RC values are
spread out to the point where the response of the PMSF is so random that a clear
reflected beam emerges at u =-0.5and v =0

By plotting the total scattered power in the visible region (Psq.(0)) in (4.3),
and curve fitting the simulated points, one can identify that there is an exponential

relationship between o and P (0), as shown in Fig. 4.24.
270 E 0 6 2
Pycat.(0) = f f Erot ( {Era (6, 9)) sin(6) d¢ do. (4.3)
6=0 Jp=0
Specifically the fitted curve followed the followmg format:

Pyt (0) = aq €¥7 + az e™¢ (4.4)
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Figure 4.24: Normalized total scattered power (Psx,:.) vs the IC’s process standard deviation (0). A

fitted curved is plotted to unite the simulated data points.

where a1, ay, az and a4 are equal to 0.6783, -0.0105, 0.3122 and 0.05501, respectively.
From the plot in Fig. 4.24, it can be observed that a standard deviation of 10% will
produce little difference in the scenario where the PMSF is set to perfectly absorb an
incident wave. In this case, Ps.(0) will increase by roughly 15%, but for a standard
deviation of 20% Py (0) will increase by roughly 50%. For a standard deviation of
30% and 40% Py (0) an increase of roughly 210% and 325% respectively is found.
Although there are no statistical models available for the RF/MW components in the
commercially available 180 nm technology used for the IC implementation [22,114],
a standard deviation of 10% remains in the expected deviation range found in the
literature for RE/MW IC components [64,122]. For this reason, it can be concluded
that the PMSF design will operate even without ideal LE conditions, and with a

standard deviation of the component element values up to 10%.

4.4.1.2 Multiple Beam Case

Similarly to the previous section, in this section the case where the PMSF is
set to produce multiple pencil beams is studied. Two pencil beams are set to be
reflected off the MSF one 0 = 25° and ¢ = 225°, and a second at 6 = 25° and
¢ = 90°. The incident wave again contains both TM and TE components and
is at an angle of 6 = 30°,¢ = 0°. The TM component again is the x-polarized
component and it is programmed by the tunable elements located along the x-axis,
the RC elements R;, C; and R3, Cs. Their RC values are correlated again from the
calculated reflection coefficients. Similarly, the TE component, which in this case is

the y-polarized component, is programmed by the RC elements R,, C; and Ry, Cj.
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Figure 4.25: Scattered total electric field in dB plotted over the uv coordinates for a standard deviation
(0) of (a) 0%, (b) 10%,(c) 20%, (d) 30% and (e) 40%.

(a)

(b)
Figure 4.26: Polar plots of the scattered total Electric Field of Fig. 4.25 in dB. (a) ¢ = 90° and (b)
¢ =225°.

In this case there are not any nominal RC values since all unit cells are set to

produce a different reflection coefficient. A normal distribution around the set RC
is applied for the PMSF simulations to emulate the mismatch effects. A standard

deviation, g, of 10% to 40% of the nominal RC values is considered for all the unit
cells RC LEs.

The simulated scattered total electric field results (Et,,) of the PMSF can be seen

in Fig. 4.25 plotted over the uv coordinates. Two beams are clearly seen in all of

the plots in Fig. 4.25, (Fig. 4.25(a)-Fig. 4.25(e)). In Fig. 4.25(b) a slight background
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or sidelobe level increase can be seen. Sidelobe level increase can also be observed
in Fig. 4.25(c) and Fig. 4.25(d). In Fig. 4.25(e) a third beam emerges at an angle
following Snell’s law.

In Fig. 4.26 the same results in polar form are plotted. It can be seen in both
figures that the beams’ intensity remains the same for a standard deviation up to
20%. For larger standard deviations (30% and 40%) the beams degrade, while the

half power beam width increases.

4,5 Conclusion

Based on the experimentally measured effective RC range of the integrated
PMSF LE, an innovative PMSF unit cell has been designed and optimized for ab-
sorption applications in the S-band around 3.6 GHz. By using the PMSF LE designed
in this work, there is no need for the use of distributed high impedance nodes for
biasing the LEs. The small space occupied on the ASIC, enables other communica-
tion and control circuits to be included on the ASIC, thus giving extra flexibility and
freedom to the PMSF designer to integrate multiple adaptive PMSF LEs on a single
ASIC.

An ASIC containing four of the proposed LEs was integrated into a planar PMSF
consisting of exponential tapers arranged in a cross-like structure without breaking
the symmetry of the unit cell. The unit cell achieved independent and simultaneous
control of the absorption of both TE and TM polarized waves with incident angles
ranging from 0° to 60°, thus overcoming the limitation found with the previous
design in Chapter 3.

Control of the reflection coefficient’s magnitude and phase for both TE and TM
polarizations was demonstrated. Assuming individual control of each unit cell with
the use of the proposed ASIC, which also contains control circuits and eight DACs,
complex wavefront generation can be achieved by the proposed design. Complex
wavefronts such as, multiple pencil beams and a mixture of OAM and pencil beams.

Multiple pencil beams with flexible polarization control were generated by this
MSF design equipped with an ASIC on each unit cell. An example of a pattern
with four separate pencil beams, each with linear, RHCP or LHCP polarizations
was demonstrated. Additionally,an OAM and pencil beam pattern were generated.

The calculated and simulated results are in good agreement, demonstrating the
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capabilities of the proposed design.

With the demonstrated abilities, the design can perfectly absorb incident waves
containing both TE and TM polarizations, such as an incident CP wave. This ability
makes it attractive in RCS reduction and stealth technology applications. The pre-
sented wavefront generation capabilities of the design make it suitable in current
multiple-user 5G and future telecommunication systems.

There are no statistical models provided by common silicon processese for
RE/MW components, and there is no information available in the literature on the
FF effect on IC-equipped PMSFs. For this reason, a study was conducted and
the effects of mismatch on IC-equipped PMSFs have been presented. A standard
deviation of 10% to an extreme of 40% of the nominal varactor and varistor’s RC
values have been considered. For a standard deviation of 10% the absorbance of
an IC-equipped PMSF degrades by only a 15%. The same standard deviation has
very little effect on the performance of the PMSF when producing a dual beam
pattern. These results provide the confidence that realistic PMSFs that use ASICs
implemented in commercially available silicon technologies will perform well under
normal mismatch variations. In the next chapter (Chapter 5), the development and

manufacturing of the ASICs is presented.
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Chapter 5

ASICs for Programmable

Metamaterials and Metasurfaces

Reconfigurable and programmable MSFs are man-made surfaces, which con-
sist of sub-wavelength periodic elements, unit cells, that can be reconfigured to
manipulate incident electromagnetic waves. However, reconfigurable MSFs devel-
oped to-date, have limitations in terms of impedance range, reconfiguration delay
and power consumption. Also, these systems are costly, and they require bulky
electronics and complex control circuits, which makes them unattractive for com-
mercial use. The performance of the PMSF designs in Chapter 3 and Chapter 4
clearly demonstrates the benefits that ASICs can provide. In Section 4.4, the effects
of ASIC mismatch was studied, and it was confirmed that the PMSF will operate
under normal mismatch conditions. Here, in this chapter, with the findings of Chap-
ter 3, Chapter 4, and the results from Section 4.4, the first family of CMOS ASICs
that enable microsecond and microwatt reconfiguration of complex impedances at
microwave frequencies is presented. The approach utilizes the asynchronous digital
control circuitry, with simplified networking capabilities, allowing simple and fast
reconfiguration via digital devices and user-friendly software. A low-cost solution
is obtained that can cover arbitrary MSFs areas, with different sizes, shapes and unit

cell geometries.
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5.1 Introduction

Metasurfaces (MSFs) are electrically thin composite materials that consist of
periodically spaced, sub-wavelength unit cells. These composite materials have
gained the interest of many researchers, due to their ability to demonstrate novel
functionalities, such as perfect absorption [22,85,92,95,107,123], anomalous reflec-
tion [12,83,124], and beam shaping [125] to mention a few.

Reconfigurable MSFs have also been demonstrated by incorporating various
tunable elements within the unit cell. Electrical tunability has been obtained using
varactor diodes [20,21], complex-impedance IC LEs [22,92,95,107], liquid crystals
[23] and power amplifiers [126]. Besides electrical tunability, other means of tun-
ability have been demonstrated, such as magnetic [28] and optical [29] tunability.
Optically tunable behaviour has also been shown by utilizing the optical properties
of PDR1A [30], which has been shown to possess a memory effect [31].

Recently, programmable MSFs have emerged [32-36,113,126,127]. These are
tunable MSFs that control individual unit cell states through software. Often, the
control of each unit cell is binary and is implemented through an FPGA development
board [32,34,127]. An increase in unit cell state was achieved by incorporating
digital-to-analog converters (DACs) between the FPGA and the tunable elements
of the unit cell [33,35,36,126]. With the individual unit cell control, programmable
MSFs have demonstrated multifunctional applications e.g. polarization, scattering
and focusing control [32], multi-focal spot control [33], holography [34], imaging [36],
non-linear harmonic manipulation [35] and even beam steering while controlling the
harmonic power level [113].

The advanced electromagnetic manipulation that programmable MSFs possess
has made them an attractive solution for future wireless telecommunications. A
recent study [38] showed that improved wireless connectivity can be achieved by
incorporating MSFs in telecommunication systems. Even though this technology is
still in its infancy, basic experimental verifications of simplified telecommunication
systems based on programmable MSFs have been shown [128,129].

Although the incorporation of PMSFs in wireless telecommunication systems
can provide a clear advantage over traditional multiple input multiple output
(MIMO) implementations and transceiver architectures [128, 129], there are major

drawbacks that need to be addressed before they can be adopted. In particular, such
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PMSFs need to be cost-effective, scalable, low-power and low-noise. The solution
with FPGAs feeding discrete shift registers, to drive multiple DACs, that finally
bias multiple power-hungry varactor diodes, although promising, cannot address
the requirements for real-time programmability of MSFs. Furthermore, the bulky
and complex electronics required in these systems limits their expandability and the
option to be used by engineers that are not familiar with that particular system.

To address all of these requirements, major upgrades in the programmable MSF
architecture need to be implemented. In this chapter, the first family of application-
specific integrated circuits (ASICs) designed for PMSFs are presented. The ASICs
satisfy all these requirements imposed by MSFs, and can become part of a MSF by
connecting and controlling the surface impedance of each unit cell via software.
They incorporate in a single die an asynchronous control circuit, multiple DACs and

multiple complex impedance LEs.

5.2 Toward the First Family of ASICs

As described in Section 3.3, the ASICs utilize an asynchronous methodology
for the control circuit to reduce noise and increase speed, while simultaneously
consuming less power [96], when compared to traditional clocked systems. An
eight-bit DAC is incorporated within the ASIC (Fig. 5.1(a)) in order to provide
a fine adjustment of the low-power complex impedance LEs [22]. Four complex
impedance LEs are incorporated in each ASIC, and can be individually addressed to
provide more flexible control over the MSF unit cells. As was shown in simulations
[22] for preliminary designs, the MSF design is able to show control of amplitude
and phase of the reflection coefficient for both polarizations, independently and
simultaneously. This ability was exploited to not only perfectly absorb an incident
wave, but also to manipulate and transform various wavefronts [43,44].

In this section, an intermediate step taken which will lead to the first family
of MSF ASICs (Section 3.3) is presented. The purpose of the intermediate step
is to test implemented building blocks of the proposed architecture (Fig. 5.1(a))
individually before a full wafer manufactured step. Risk mitigation strategies taken
in this intermediate step are discussed. Although the section focuses mostly on
the author’s contribution, the RF part, the LEs, significant steps were needed to

implement the ASICs from the control circuit, the DAC and the LE components side.
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Figure 5.1: Top-level network ASIC architecture in (a), and its footprint (b).

The foundational ASIC architecture can be seen in Fig. 5.1(a). The architecture
consists of four LEs, eight DACs and a control circuit. Each loading element utilizes
a MOSFET varistor and a MOSFET varactor to adjust the real and imaginary part
of the impedance, respectively, while simultaneously having negligible static power
consumption since their consumption is mainly due to of the leakage current through
eight RF MOSFETs, which is very low compared to the rest of the circuits. Eight,
8-bit DACs are used to finely tune the varistor and varactor of each loading element
of the ASIC. The digital inputs of the DACs are provided by the digital control circuit
located at the center of the chip. The control circuit has two main operations. The
tirst is to be part of a communication grid that will send/receive data packets to/from
neighbouring nodes, in order to store the appropriate payload in its memory. The
second is to provide the necessary digital inputs to the DACs, and in turn to tune

the surface impedance of the corresponding unit cell.

5.2.1 Control Circuit

The control circuit operation is briefly described in this section. As mentioned
previously in Section 3.3.5, the control circuit’s operation has two main functions.
The first is to provide the digital input to the eight DACs, which bias the LEs, and
second is to send or receive data packets to / from neighbouring nodes in order to
deliver the payload to the appropriate ASIC of the network which is formed on the
MSE.

123



CHAPTER 5. ASICS FOR PROGRAMMABLE METAMATERIALS AND METASURFACES

Table 5.1: Pin description of network ASICs.

Pin Name Description

LE, Loading Element x Terminal
IN =T, | Input True Signal
IN - A, || Input Ack Signal
IN — F, || Input False Signal
OurT - T, || Output True Signal
OourT - A, || Output Ack Signal
OUT - F, || Output False Signal
DVDD || Digital Power
AVDD || Analogue Power
DGND || Digital Ground
AGND | Analog/RF Ground
HRST Negative Hard Trigger Reset (or HRST)
SRST Negative Soft Trigger Reset (or SRST)

OR, Orientation pins

The details of the control circuit and its network capabilities were published in
[130]. The control circuit uses asynchronous circuits and communicates via hand-
shake. Synchronous digital circuits are by far predominant in control circuit designs,
however to maximize the ASIC usability for various MSF designs, and to avoid all
issues associated with the clock tree synthesis of synchronous digital systems, an
asynchronous route was adopted [96,130]. A synchronous digital system would
require a clock tree with scalability adjustments and would have to satisfy the re-
quirements of flexible MSFs and walls of irregular shapes. In addition, the clock
skew would have to be well controlled to eliminate any setup and hold time vio-
lations. Addressing all these with a synchronous digital system, would require a
static system with scalability limitations. By using asynchronous digital circuits, the
scalability becomes as simple as connecting unit cells or tiles of MSFs together, since
there is no clock signal to synchronize the operations. Once the wires are connected,
the system can operate without requiring any modifications or optimizations. Power
consumption is also minimized by using the asynchronous circuit approach. Under

static conditions, the asynchronous control circuit consumes only leakage current,
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whilst the synchronous counterpart would consume both static and dynamic cur-
rent, at every clock cycle. Specialized circuitry and techniques can be adopted to
turn off certain parts of the chip when not needed, but still the buffers of the clock
tree would be enabled. Also, the available area for the control circuit is limited
due to the small size of the chip, and such synchronous circuits would consume a
significant amount of free space allocated for the DACs and the LEs. Another major
advantage of the asynchronous circuit approach, is related to the significantly re-
duced levels of electromagnetic emissions that are generated during programming
[131]. A synchronous approach generates significant amounts of broadband noise
during switching activity, given all transitions will happen at the same time. This
creates problems for MSF absorber applications [22,95,107], given that the surface
radiate EM waves at each clock event. This is not the case in our control circuit
because the noise generated is lower and more evenly spread timewise, since only
the chips that exchange data are enabled, while the rest are idle.

A CMOS 180 nm semiconductor technology was selected for the ASICs that
balanced cost per die, mixed-signal capabilities, RF characteristics as well as low-
power digital circuit capability operating at 1.8 V. Our proposed chips can realize
reconfigurable MSFs and adjust the complex loading impedance of each unit cell
individually. Depending on the application and MSF design, a large number of
chips are required. These could amount to thousands of chips for a one square-
meter MSF, thus chip costis a critical factor. Wafer-level-chip-scale package (WLCSP)
technology was selected because it enables both better RF performance, since bond
wire parasitics and variations are minimized, as well as lower cost per chip when
fabricated in large quantities, because the process of wire-bonding is not required
and also the solder-balling process is much simpler and cost-effective. The diameter
of the solder-ball spheres and the pitch of the balls were chosen to be 250 nm and
400 nm, respectively. Smaller solder spheres and smaller pitch sizes are available, but
this increases printed circuit board (PCB) costs, on which the MSF is patterned. For
smaller pitch sizes, special PCB processes are required and the reliability decreases.
Therefore, the balls and pitch were kept at a size to comply with widely available
high-frequency laminate PCB manufacturing design rules. The size of the ASICs
was chosen to be 2.2 mm X 2.2 mm to increase their yield and subsequently keep
the cost relatively low. The size of the chips and pin pitch subsequently dictated the
number of available input/output (I/O) pins to be twenty five (Fig. 5.1(b)). The size of
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Figure 5.2: Top-level ASIC architecture where the control circuit is replaced with a simple 64 bit shift

register as a contingency plan.

the ASIC and the pin limitation add constraints to the chip architecture. The number
of available LEs were chosen to be four and this dictates the number of DACs, and
subsequently the control circuit’s complexity, communication, and control scheme.
Due to the pin limitation, a serial communication scheme between the chips was

adopted.

Due to the control circuit’s complexity, it required numerous pins for commu-
nication and orientation. The footprint of the ASIC with network capabilities is
shown next to its top-level architecture in Fig. 5.1(b) while a short description of the
pins can be found in Table 5.1. A contingency plan was adopted as an intermediate
step, a second MPW manufacturing step, before a full-wafer manufacture attempt.
The contingency plan involved the replacement of the control circuit with a simple
shift register. This shift register would still be asynchronous and serve the control
circuit’s two main functions. The shift register’s top-level architecture can be seen
in Fig. 5.2. The main difference between the two is the number of inputs and out-
puts. The network control circuit forms a 2D routing like network as described in
Section 3.3.5, while the shift register control circuit will connect it to its neighbouring
ASICs sequentially and will occupy the MSF area in a meander-like pattern. An
example of sixteen ASICs occupying a 4 X 4 unit cell PMSF can be seen in Fig. 5.3.
Each ASIC’s output is connects to the next ASIC’s input, thus forming a long shift
register. Alternate rows change direction to occupy the 2D area and the first and last

ASIC connect to the gateway.
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Figure 5.3: Sixteen shift-register ASICs populating a 4 X 4 unit cells. The ASICs are connected in a
series and form a meander-like pattern. The gateway connects to the input of the first ASIC and to

the output of the last ASIC.

This meander-like connection of the shift register control circuit ASICs will
have a major drawback compared to the network operation ASICs, that it will not
operate if any of the ASICs are not operating. It will not have any tolerance to faults,
meaning that even one dry solder joint will render the whole MSF non-operational.
For the sake though of demonstrating the LE range and some programmable EM

manipulation it will suffice.

5.2.2 Digital to Analog Converter

Digital-to-analog converters (DACs) are used to convert the digital output from
the control circuit data to an analog voltage value that can bias all the LEs V and
Vr nodes. The DACs’ simplified schematic can be seen in Fig. 5.4. A rail-to-rail
two-stage resistor string DAC architecture was adopted for its simplicity, compact
layout and low power consumption. Since the DAC would be biasing the gate of
the MOS-varistor and MOS-varactor, it didn’t have the need for any output buffer,
which meant a further decrease in power and layout size.

This DAC’s architecture utilizes two resistor strings with two multiplexers, in
order to reduce the total number of resistors from 2 M to 2x2M/2 as opposed to a

normal resistor string. This results in a lower switch count, parasitic capacitance, de-
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Figure 5.4: Simplified rail-to-rail two-stage resistor string DAC schematic.

coder complexity reduction and layout size. This 8-bit DAC architecture, is switched
by coarse (CRy — CRy) and fine resistor (FRy — FRy) strings (Fig. 5.4). The coarse
resistor string is switched by the four most significant bits (MSBs), the significant
nibble (four bits), through the CRy, — CRy switches and the fine resistor string by the
four less significant bits (LSBs), the less significant nibble, through the FRy — FRy_;.

All N+1 coarse resistors (CRy — CRy) where N+1 is equal to 16, are identical.
This creates an incremental voltage drop from the supplied voltage (VDD) to ground
potential (VDD/16). Each node in the coarse resistor string is connected to switches,
which serve as the first multiplexer. When a pair of switches (CS, — CSy) closes, the
voltages in the nodes N coarse resistor are transferred to one of the two outputs of the
multiplexer, Vi and V;. Vi connects the higher voltage potential to the top of the fine
resistor string, while V; at the bottom of the fine resistor string. This step effectively

connects the coarse resistor string to the fine resistor sting (FRo — FRy). Then, the less
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T 25

T, T,
Figure 5.5: Custom octagonal pads for WLCSP.

significant nibble, controls the fine switches which connects the output to a divided
by N+1 Vy—V} voltage. These two sequential divisions resultin (N+1) X (N+1) = 256

steps.

5.2.3 Loading Elements

The LEs are presented in this section. The steps taken to adapt the LE design
presented in Section 3.3.1 to a WLCSP ASIC are presented. The complete WLCSP, its
pads and traces were expected to affect the performance of the MSF LEs. The pads
will add some parasitic capacitance and resistance, and will also have ESD protection
devices, which will also introduce some parasitic effects. The company providing the
PDK, in order to protect their intellectual property, only provided the pads as abstract
cells (black box representation) without any circuit model to take into account the
parasitic effects of the pads. An RF/MW IC design will need to include these effects
early on in the design cycle. For this reason, custom octagonal pads were designed
in order to be able to include the parasitics effects of the pads in the simulations. The
pads were designed with only the two top metals in order to minimize their parasitic
capacitance, as recommended for high frequency applications, [132]. As they were
intended to be used in WLCSP, they didn’t require mechanically strengthened pads,
as is the case for wire-bonding pads. The designed pads can be seen in Fig. 5.5.

The LE circuit schematic of Fig. 3.8 was adapted to the designed octagonal pads
and can be seen in Fig. 5.6. The LEs are connected between the four RF terminals
(T1-Ty) and the ground pad (GND). In order to minimize the parasitic resistance of
the layout, a thick top metal was used and is routed in every available space between
the pads from the LEs to the ground pad. This extra metallization though, adds an

additional parasitic shunt capacitance and a series inductance and resistance. The
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1

Figure 5.6: MSF LE’s layout adapted to the ASIC’s footprint in Fig. 5.1(b). The octagonal WLCSP
pads can be easily identified on the left, where the ground (GND) and LE terminals can be seen (T;
to T4). On the right, a close up of the LE layout with the pads removed for clarity can be seen. All the

circuit elements and metal fill can be seen in the close up.

parasitic capacitance can be compensated by removing some capacitance from the

varactors.

The inductor (L;) can be seen clearly in the layout in Fig. 5.6, since it is the
largest component. The inductor’s size was chosen to fit between the octagonal
pads with some clearance for routing and to possess a high equivalent parallel
inductance and resistance. The varactor (M,) consists of five MOS-varactors which
are located at the top side of the pad. This was implemented in order to minimize
their distance from the ground pin and reduce the parasitic resistive losses and
inductance. The varistor (M;) with the DC-block capacitor (C;) performance is not
sensitive to its location, since the resistivity of the wiring is not comparable to the
varistor’s resistance. The DC-block capacitor is implemented using MiM capacitors,
since they offer better performance and a smaller layout when compared to MoM
capacitors. Low capacitance ESD protection devices [102] are used for the RF pads

in order to minimize their effect.
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Figure 5.7: Four different LEs within the same IC. The layout can be see in (a) with overlaid the pin’s

description, and in (b), it’s equivalent circuit.

5.2.4 Intermediate Step Dies

The purpose of the contingency plan was to test the building blocks (DAC, shift
register control circuit and LEs) individually and as a whole. A die, which included
LEs, DACs and a simplified control circuit (Fig. 5.2), and a shift register was designed.
An individual test of the LEs at this step, would be serve as a confirmation of its
operation and RC range validation in its WLCSP. For this purpose, a second die with
a complete ASIC LE layout was designed without the control circuit and DACs, as
shown in Fig. 5.7(a). In the same figure, the pins connected to the LEs biasing nodes
(Vr and V() are marked. Since the complete layout contained four LEs, redundancy
was added in this layout to compensate for process variations that could shift the LE’s
RCrange. This was done by designing each LE with a different RC range. The best LE
would be chosen after its measurement. Therefore, all LEs in this die have different
RC ranges (Za |(vi=avve=bv)  ZB lvi=avve=bv) F Zc |vi=avve=bv) # ZD |(vr=av,ve=pv))-
Furthermore, a negative supply voltage (-VDD) was added in this design to add
further redundancy. The negative supply voltage would allow us to bias the MOS-
varactors biasing nodes (V¢; to V¢4) with a negative voltage. The negative RC range
can be emulated in the final design by rotating the gate to the drain/source terminals.
Therefore, the four LEs ranges and the negative supply voltage allow a total of eight

RC range variations to choose from.

The four LE designs were designed with the same individual circuit element

methodology described in Section 3.3.1. The LEs were simulated in CADENCE
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VIRTUOSO™ using steady state S-parameter simulations, and the layout parasitics
were extracted using ASSURA™. The conversion of the S-parameter to the four
complex impedance loads (Z4, Zp, Z¢c and Zp) shown in Fig. 5.7(b) is the same
as in Section 3.3.1. The complex impedances can be converted easily to the series
resistance (Rs = R(Z;)) and a series reactance (Xs = 3(Z,)) where Z,; is the total
individual impedance of either one of the loads. The loads can then be converted to

a parallel connection as follows:

R + X3

p=—p— =R+ XsQ (5.1)
s
and the parallel reactance (Xp) is equal to:
RZ+X: R
s s s

= == + X, 5.2
P X 0 + Xs (5.2)

where, Q is the quality factor and is given by:

Q=—. (5.3)

The simulated schematic results with the extracted parasitics can be found in
Fig. 5.8 for all four LEs for the frequency of 5 GHz. The real and imaginary part
(R(Ziot), 3(Z1ar)) are plotted in Fig. 5.8(a), Fig. 5.8(d), Fig. 5.8(g) and Fig. 5.8(j) for the
four complex impedance loads, Z,, Zp, Z¢ and Zp, respectively. Series resistance and
capacitance (Rs, Cs) plots can be found in the next column of Fig. 5.8, in Fig. 5.8(b),
Fig. 5.8(e), Fig. 5.8(h) and Fig. 5.8(k) for the four complex impedance loads, Z,, Zg,
Zc and Zp, respectively. Parallel resistance and capacitance (Rs, Cs) plots are plotted
in the right column of Fig. 5.8, in Fig. 5.8(c), Fig. 5.8(f), Fig. 5.8(i) and Fig. 5.8(1) for
the four complex impedance loads, Z,, Zp, Z¢ and Zp, respectively.

Z 4 loading element’s equivalent parallel RC values vary from 1.6 pF to 3.6 pF
and from 20 to 600 Q (Fig. 5.8(c)), Zg’s RC values vary from 1.2 pF to 2.8 pF and from
20 to 640 Q, Z¢’s RC values vary from 0.3 pF to 2.5 pF and from 20 to 660 () and
Zp’s RC values vary from 1.8 pF to 4.2 pF and from 20 to 570 ). Variations in the
resistance in these ranges, the maximum parallel resistance reducing with increase of
capacitance, is attributed to the quality factor of the varactor changing with voltage
as it is generally known from the Q-V curves (see [62]).

The parasitics extracted using ASSURA in CADENCE VIRTUOSO took into
account only capacitance and resistance effects. Due to the relatively large metal-

lization of the LEs’ layout, and the high frequency where the LE operate in, the
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Figure 5.8: ASIC showninFig.5.7 LE range plots. Results obtained through simulations in CADENCE
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impedances for each LE can be observed for bias voltages ranging from -1.8 V< Vc <1.8 Vand 0 <

Ve <18V.
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Figure 5.9: 3D view of the ASIC’s LE layout as shown in the Keysight’s ADS. In (a) only the top thick

metal is visible, while in (b) all metal layers and ports are visible. Over 300 ports are used.

inductive parasitics were also essential for the accurate simulation of the RC range.
In order to accurately simulate the LEs’ layout, it was imported into Keysight’s ADS
software and was simulated using its built-in method of moments electromagnetic
solver, Momentum. The 3D layout can be seen in Fig. 5.9(a). The layout was incorpo-
rated with solder balls and an under bump metallization (UBM) layer. The metal fill
layers placed to satisfy metal density rules (Fig. 5.6) were also simulated. These met-
als will also emulate the effect of the complete package on the performance of the LE,
since metallization from the DACs and control circuit will be placed below the LEs.
The complete layout metallization was simulated with extracted S-parameter files
from the selected technology’s circuit components. The layout, which includes the
metal fill and the ports where the circuit elements connect, can be seen in Fig. 5.9(b).

The simulated results obtained from Keysight's ADS can be seen in Fig. 5.10.
The equivalent parallel connection RC response for Z,, Zp, Z¢ and Zp are plotted in
Fig. 5.10(a) to Fig. 5.10(d), respectively. Differences in the obtained results are easily
identified with both the capacitance and resistance ranges shifting compared to the
simulated results with the extracted parasitics from the ASSURA layout verification
toll (Fig. 5.8). This shift is caused not only by the solder ball effect, which is not
included in the results in Fig. 5.8, but mainly due to the inductive parasitic of the LE

layout.

5.2.5 Single Die Pad Passivation and Ball Placement

The previous designs for individual LEs (Fig. 5.7(a)) and the shift register con-
troller (Fig. 5.2) testing were manufactured through in an MPW. The dies can be
seenin Fig. 5.11(a) and Fig. 5.11(b). The MPW provided would yield a small number
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Figure 5.10: Test ASIC with LE layout RC ranges simulated in Keysight’s ADS software using method
of moments. Parallel configuration RC range are plotted in (a) for Z,, (b) Zg, (c) Z¢c and (d) Zp at the
frequency of 5 GHz. The different ranges of impedances for each LE can be observed for bias voltages

ranging from-1.8 V< Ve <1.8Vand 0 < Vzx <1.8 V.

of individual ASIC dies. On these dies, there was no option to place solder balls
on each pad, nor to provide metallization on each pad to allow the solder balls to
properly adhere. This metallization is called UBM, and is needed since the pads’
metal is aluminium (Al), which forms a thin oxide which prevents the solder from

properly wetting its surface and adhering to it [133].

Within the VISORSURF consortium [55], IZM has had a long experience with
electroless nickel/gold (Ni/Au) processes. IZM offered to deposit the UBM layer and
place solder spheres on each pad. IZM’s experience though was also on wafer level
electroless Ni/Au processes. Single die UBM was significantly harder. There were
extensive efforts to bring the single die in polyurethane carriers and then plate in the
main electroless baths. This could not yield any qualitative Ni/Au UBM deposit. As
a result, other techniques were tried by IZM like Au-stud bumps on Al pads. These
attempt were successful mechanically. One stud bump or 4 stud bumps just to cover
more the Al pad were positioned on the Al pads, whereas dispensed solder paste

was deposited on the PCB to be measured. A single die with Au-stud bumps can
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Figure 5.11: Single dies produced on a MPW. In (a) the design containing four LEs (Fig. 5.7(a)) and
(b) the design containing the shift register control circuit, DACs and LEs (Fig. 5.2).

be seen in Fig. 5.11(a). A cross-section of the Au-stub bump is shown in Fig. 5.12(b).
The solder ball flowed to a diameter of 237 um, occupying the whole pad. On the top
of Fig. 5.12(b), the dimensions of the Au-stud are shown which are 60 ym X 30 ym.

5.2.6 Intermediate Step, Loading Element Measurement

The experimental section for measuring the ASIC dies, that were produced in
the second MPW is described in this section. The experimental part involved the
deign of PCBs for the population of the bumped ASICs and the development of a
de-embedding method along with de-embedding boards, to remove the PCB’s effect
from the measured results.

The total number of pins in this ASIC introduced a pin constraint which forced

the LE to place the ground pin in the middle pad of the ASIC, as described in

Figure 5.12: Single chip with Au stud bump (a). 25 ym Au wire diameter cut and formed as stud
bump with a shoulder of 75 ym. A cross-section of the solder ball with the Au stud is shown in (b).
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Figure 5.13: PCB simplified equivalent circuit. The circuit consists of connectors (Con), TLs and

lumped impedances and admittances.

Section 3.3. In order for this ground pin to connect to the PCB ground layer or a
ground plane, it needed to be routed with a PCB trace under the ASIC. Usually
in WLCSP, which resembles ball grid arrays (BGAs), the pins are recommended
to be routed with multiple PCB layers [134]. Since micro-vias were not available
within the VISORSUREF consortium, this routing needed to be implemented without
utilizing any other metallic layer below the ASIC.

This metallization under the ASIC is in the RF signal’s path and affect the
measurement. For this reason, a custom de-embedding strategy was derived in
order to satisfy the measurements and validate the design in this intermediate MPW
step. The equivalent circuit of the populated boards can be seen in Fig. 5.13. The TLs
and connectors (Con.) are the theoretical representation of the traces and the coaxial
connectors leading from the LEs’ terminals (T; to T;). The centre ground (GND)
pin can be seen in the same figure at the bottom of the five terminal ASIC symbol.
The center pin is routed to ground through a series impedance and TL. The series
impedances Z, are caused by the solder balls” series inductances and resistance.
Shunt admittances Y, at the end of the TLs are expected as the effect of capacitive
coupling between the terminals, and discontinuity effects caused by the transition

from the TL to the solder ball.

The design of the two populated PCBs, one for the four-LE ASIC (Fig. 5.7(a)),
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and the second for the simplified asynchronous control circuit (Fig. 5.2), can be seen
in Fig. 5.14(a) and Fig. 5.14(b), respectively. The ground trace can be seen in the
insert of Fig. 5.14(a). The RF terminals of the ASIC are connected to 50 QQ CPWG
TLs which lead to the edge of the PCB, where 3.5 mm connectors are located. Four
through-hole DC connectors are placed at the corners of the PCB, which lead to the
Vr and V¢ pads of the ASIC.

Since the measurements needed to cover a relatively small frequency range
(2 - 6 GHz) the two-length method (Section 2.3.1.4) was chosen for the character-
ization of the TLs. The length (L) and two length (2L) de-embedding boards can
be seen in Fig. 5.14(d) and Fig. 5.14(e) respectively. Once the TLs’ characteristic
impedance (Zy) and propagation constant () are characterized, the reference plane
of the measurement is moved to the end of the TL by removing the connectors (Con.)
and TLs. This is also done to an open board (Fig. 5.14(c)) which is identical to the
populated PCB but without any ASIC placed on it. In this manner, the reference
plane is moved on that open PCB and the shunt admittances Y, are obtained and
removed from the measurement. An equal length ground trace, which is shown in
the insert of Fig. 5.14(a), is placed on the separate de-embedding board (Fig. 5.14(g)).
The ground trace is connected at the center of the TL with one end connected to a
ground plane, and this de-embedding board is referred as “TL-short”. By moving
the reference plane to the middle of the “TL-short” board, the ground trace response
can be obtained and removed from the measurement. Due to the ASIC 0.4 mm pad
pitch and pad diameter 0.25 mm, the larger ground trace width that could be im-
plemented was 45 ym. This lead to a high impedance ground trace, which skewed
the de-embedded results, therefore two parallel ground traces were placed. An ex-
tra though de-embedding board (Fig. 5.14(f)) was also manufactured to add some
redundancy in the measurement.

The measurement set-up for the single-die solder-bumped ASICs can be in
Fig. 5.15. The populated board with the ASIC which contained four LEs can be seen
in the bottom left insert of the figure, while the de-embedding boards can be seen in
the bottom right of the figure. The board was supplied with the appropriate supply
(VDD, -VDD and GND) and biasing voltages to the Vz and V¢ connector pins from a
Keithley 4200-SCS. The S-parameters were measured from an Agilent E8363B VNA
connected to the coaxial, 3.5 mm connectors of the PCB.

Although the single-die bumping procedure described in Section 5.2.5 produced

138



CHAPTER 5. ASICS FOR PROGRAMMABLE METAMATERIALS AND METASURFACES

(d) (©] ® ®)

Figure 5.14: Populated PCBs with the bumped ASICs and de-embedding boards. (a) Four LEs PCB,
(b) shift register PCB. De-embedding boards can be seen in (c)-(g). (c) open, (d) L, (e) 2L, (f) though
and (g) TL-short.

mechanically sound solder bumped dies, the electrical properties of the dies were
compromised. The solder bumped dies were damaged by ESD in the bumping
process. This was confirmed by measuring the resistance in the V- nodes to ground
of the ASICs. This node is connected to the gate of the MOS-varactor and should
have been in the MQ) range but was in the k() range.

This ohmic test, was repeated on ASICs that didn’t go through the single-die

bumping process, and were found to have an intact gate with a resistance in the

AgilchtsE8388B PNA

Keithley 4200:8€8° ' I Bk

Figure 5.15: Measurement set-up for single-die solder-bumped ASICs. The populated PCB and the
de-embedding PCBs can be seen in the figure.
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¥~ . DPe-embedding Boards
. ar tta

Figure 5.16: PCB for connecting the ASIC with wire bonds. The wire-bonded ASIC close-up micro-
photograph can be seen in top left corner, while the L, 2L and open de-embedding boards can be seen

in the top right corner.

MQ range. In order to measure the functionality of the ASICs, another set of PCBs
were designed and were populated with the bare-dies without any solder bumping
(Fig. 5.16). The ASIC pads were wire-bonded to the TLs and other exposed tracks,

as can be seen in the close-up micro-photograph in the top-left corner of Fig. 5.16.

The measurements were performed using the ASIC with the shift register ver-
sion controller. This would mean instead of manually biasing each LE Vi and V¢
node, a series 64 bits were fed in the ASIC’s shift register to set the DACs input
digital values, which will subsequently biased the LEs. The measured S-parameter
were de-embedded and the effect of the wire bond was removed by considering it a
series resistance of 0.50 (2 and a series inductance equal to 7 nH. The measured series
and parallel RC ranges can be seen in Fig. 5.17. The series resistance and capacitance
for the LE; (CAg and RAg) and LE; (CCs and RCs) can be seen in Fig. 5.17(a) and
Fig.5.17(c), respectively. The parallel resistance and capacitance for the LE; (CAp and
RAp) and LE; (CCp and RCp) can be seen in Fig. 5.17(b) and Fig. 5.17(d), respectively.
Even though in this design all LEs are identical, the ranges in the measurements

don’t match. There is a small, approximately 0.5 Q) resistance and a 0.25 pF capaci-
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Figure 5.17: Measured resistance and capacitance ranges for the shift register version controller ASIC
(Fig. 5.16). Series RC ranges for (a) load connected to T1, and (c) connected to T3. Parallel RC ranges

for (b) load connected to Ty, and (d) connected to Ts.

tance difference in the series RC ranges. This discrepancy is caused by the wire-bond
arch having different length and slightly different geometry. Furthermore, the die

placed off-center on the PCB, could cause such a shift.

Itis apparent that the RC measured range of the LE are not accurate, but even so
a significant step was taken in this intermediate step. For one, the simplified ASIC
version was measured for the first time. The measurements showed the operation
of the DAC and the shift register. Without measuring accurately the RC range of
the design, there are significant risk that the MSF will shift its operation frequency
and even the angular perfect absorption range would degrade. For the design in

Chapter 4 this would mean further degradation in the other synthesis functions.

The networking capabilities of the ASIC, the control circuit shown in Fig. 5.1(a),
still had not been manufactured and held the highest risk. A shift in the RC range of
the LEs would cause a performance degradation of the MSF and could be compen-
sated for by an alternative MSF design. A failure in the control circuit on the other
hand, would render the MSF non-operational. These events, lead to a risk mitigation
plan and the formation of the first family of ASICs for MSFs, which is described in

the next section.
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5.3 The Design of the First Family of Metamaterial and
Metasurface ASICs

The ASICs described in this section are a family of mixed-signal ICs optimized
for the control of MTMs and MSFs. They are specifically designed to meet the needs
of high volume, cost-sensitive, low-consumption and low EM noise applications that
are required in MTM and MSF applications. As described in the previous section,
performance and complete failure risks were identified. Initially, the individual
sub-components (LEs, DACs and control circuit), were going to be tested separately,
ensuring their operation and performance before a full wafer manufacturing step
was taken. Due to many interdependencies, these subcomponents were not tested
and characterised in the first two intermediate MPW steps described in Section 3.3.7
and Section 5.2. A risk assessment was performed, and two critical risks were

identified.

e Firstly, the asynchronous digital network control circuit might fail. This will
lead to a failed programmability of the LEs, and subsequently a complete
PMSF failure. This is due to the high risk involved in asynchronous digital
network control circuits. The asynchronous control circuit with the networking
capabilities of Section 3.3.5 had not been tested yet. This component was the

most complex component in the ASIC, and carried the highest risk of failure.

e Secondly, the LE’s range might deviate from the simulated range due to inac-
curate models supplied by the foundry at the frequency of interest and even
from some unforeseen parasitics. As was identified in the technology valida-
tion step (Section 3.3.7) the measured quality factor of the MiM capacitors and
MOS varactors were significantly lower compared to the simulated quality
factor. This lower quality factor reduced the measured parallel capacitance
range to half compared to the simulated range. This reduction was needed to

be quantified also in the final LE to adapt the MSF before the PCB fabrication.

To mitigate the first risk, the simple asynchronous shift-register styled control
circuit scheme that was designed in Section 5.2.1 was adopted as a fallback solution,
in case the more complex Manhattan network control scheme failed. To mitigate a
shift or reduction in the LE’s range, two variations (version 1 and version 2) of the

LE were designed with slightly different ranges. With these risk mitigating actions,
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Table 5.2: Summary of first family of ASICs for MSFs.

Design System System System Centre Freq. LE
No. Con. Cir. DACs LEs (GHz) Type
1 SR 8 4(V1) 5 A
2 SR 8 4(V2) 5 A
3 SR 8 4(V1) 3.6 B
4 SR 8 4(V2) 3.6 B
5 SR 8 4(V1) 5 B
6 SR 8 4(V2) 5 B
7 N 8 4(V1) 5 A
8 N 8 4(V2) 5 A

four versions of the ASICs were formed. These four version can be seen in Table 5.2
as Designs 1, 2, 7 and 8, where in the control circuit column the Manhatan network
control scheme is identified with the letter N and the shift register with the letters
SR.

The shift register control circuit version had less pin requirement compared
to the Manhatan network control scheme ASIC. This freed some pins which could
be utilized by the LEs and increase their RC range. As such, a second LE layout
(LE connection-B in Table 5.2) was designed with an increased range. This LE
was adapted in the shift register control circuit scheme ASIC. Two LE connection-
B versions were designed with slightly different RC ranges to accommodate any
possible range shift. Further redundancy was also incorporated into these designs
by designing the designs at a lower frequency of 3.6 GHz. These second footprint
LEs can be found in Table 5.2 as Designs 3, 4, 5 and 6.

5.3.1 Loading Element Connection Types

In this section, the LEs designs are presented. Two different LE layouts were
designed. In the first layout, the four LEs form a cross-like connection and have the
type-A LE connection, as initially designed in Section 5.2.3. In the second layout, each
LE is surrounded by its own local ground terminals forming an isolated footprint
that resembles a GSG connection. This layout is placed in each corner of the ASIC,

leading to the type-B LEs layout. Two different type-A layouts ASICs designs were
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Figure 5.18: Simulated results for the type-A LE. (a) Design 1 and 7, Version 1 and (b) Design 2 and

8, Version 2.

manufactured and two type-B layouts designs were adapted with slightly different

RC ranges in each footprint type.

5.3.1.1 Loading Element Connection Type-A

Two versions of the LE with connection type-A were designed, the design layout

forms a cross-like connection as was shown in Fig. 5.9. The location of the four LE

terminals (T; to T,) are located at the edge pins of the ASIC, while the ground is

located at the centre pin. The type-A LEs design is adapted for both the shift register

version of the ASIC (Design 1 and 2) and the network version of the ASIC (Design

7 and 8). The shift register type-A ASIC (design 1 and 2) footprint can be seen in

Fig. 5.20(a), and a short description of the pin functions can be found in Table 5.3,

while the network type-A ASIC (design 7 and 8) footprint pin’s description can be

found in Fig. 5.1(b) and Table 5.1, respectively.

The type-A LE layout was simulated in Keysight ADS using its built-in method

of moments electromagnetic solver, Momentum. The simulated results can be seen

in Fig. 5.18. In Fig. 5.18(a) the results of the first version of the LE are plotted for

multiple biasing voltages Vi and V¢ on a Smith Chart. The second version of the

type-A loading element is plotted in Fig. 5.18(b). The two versions occupy slightly

different areas on the Smith Chart, where Version 1 (Fig. 5.18(a)) is slightly less
capacitive than Version 2 (Fig. 5.18(b)).
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Figure 5.19: Type-B metasurface LE. The individual circuit element locations, the ground and LE pins

are indicated.

5.3.1.2 Loading Element Connection Type-B

A second layout variation was also designed that has advanced performance.
A three-dimensional view of the layout of a single type-B loading element can be
seen in Fig. 5.19. The LE is configured to connect to TLs like a CPWG and load them
like a GSG load. This load type is more common in RF and MW designs.

The 3D structure of the type-B LE is positioned at the four corners of the ASIC, as
can be seen in Fig. 5.20(b). As can be seen in Fig. 5.19, the ground pins (GND) form a
ring around the LE terminal of the LE. With this, the expected parasitics are reduced
since the connection distance between the signal and ground pins are reduced from

2 V2P to P, where P is the ASIC’s pitch. This is more clear by comparing the ASIC’s
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Figure 5.20: Footprints of the family of ASICs for the view of the logo facing up. (a), Footprint for
designs 1 and 2 and (b), Footprint for designs 3 to 6.
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Table 5.3: Pin Description of ASICs Designs 1 to 6.

Pin Name Description

LE, Loading Element x Terminal
INT Input True Signal
IN A Input Ack Signal
INF Input False Signal
OuT T | Output True Signal
OourT A || Output Ack Signal
OUT F || Output False Signal
DVDD || Digital Power
AVDD || Analog Power
GND Common Digital and RF Ground
DGND || Digital Ground
AGND || RF Ground
RST Negative Trigger Reset (or RST)

footprints in Fig. 5.20(a) and Fig. 5.20(b). The inductor (L,), the varactor (M2), the
varistor (M;) and the DC-block capacitor (C;) location, can be seen in Fig. 5.19. Low
capacitance ESD protection devices ([102]) were used in the type-B LE, and their

location can be seen in the same figure.

Furthermore, in the type-B LE layout, the connection from the signal to ground
doesn’t overlap with any digital circuits that could potentially couple and affect
the LE’s impedance. In the type-A version, the LE connects to ground through the
top-layer thick metal that almost occupies the complete layer. It should be noted
that even though rigorous simulations were performed, there is the possibility that
the RF signal can be coupled to a digital circuit in the type-A version, but there is no

possibility in the type-B LE layout.

Four variations of the type-B layout were adapted to introduce some RC vari-
ability. Two versions were designed to operate at 5 GHz and another two versions
to operate at 3.6 GHz. Each frequency variant is further subdivided into two other
variations, where for each design the tunable capacitance is centred at a different
value. The type-B LE layout was simulated using the Keysight’s ADS using its

built-in method-of-moments electromagnetic solver, Momentum. Simulated results
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Figure 5.21: Simulated results for the type-B loading element. (a) Design 3 at 3.6 GHz, (b) Design 4
at 3.6 GHz, (c) Design 5 at 5 GHz, and (d) Design 6 at 5 GHz.

for the type-B layout LEs can be seen in Fig. 5.21. In Fig. 5.21(a) and Fig. 5.21(b), the
impedance of the LEs is plotted for the two versions which have a design frequency
of 3.6 GHz. In Fig. 5.21(c) and Fig. 5.21(d), the impedance of the two versions is
plotted for the two designs that have a design frequency of 5 GHz. Version 1 in both
operating frequencies (5 GHz or 3.6 GHz) is slightly more capacitive compared to

Version 2 in the same operating frequency.

The type-B LE (Fig. 5.21) compared to the type-A LE layout (Fig. 5.18) can
provide arange closer to the perimeter of the smith chart. Thisis true for both 3.6 GHz
versions and 5 GHz, and will translate to a smaller minimum series resistance or

larger maximum parallel resistance (5.1). This is due to the reduction in the layout
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Figure 5.22: In (a), a bumped wafer placed on the probe station to be inspected can be seen and in (b)

ASICs on tape and reel are shown.

parasitics that the type-B layout can provide. This is highly desirable for the PMSF
designs in Chapter 3 and Chapter 4.

Concluding, contingency designs have been presented, with two variations in
capacitance range, two variations in layout and two designs with a lower design

frequency.

5.3.2 Wafer Level Packaging and Tape and Reel

The packaging steps of the eight ASICs chips, from full wafer to WLCSP is
briefly discussed in this section. The designs were manufactured on 8-inch wafers
using the selected 180 nm technology as shown in Fig. 5.22(a). The eight designs
were placed in a reticle which was repeated on the wafer. Post wafer processing was
performed by a third-party company, which placed the UBM layer and the solder
balls at the wafer level. Wafer lapping, marking the back side was also done, and
wafer dicing. The eight designs were sorted based on the provided reticule and
placed in tape and reels, as can be seen in Fig. 5.22(b).

The manufactured ASICs are shown in Fig. 5.23. The ASIC family is formed
by the ASICs in Table 5.2. Out of the eight designs, only six designs functioned,
Designs 1 to 6. Designs 7 and 8 which had the networking control circuit, and held
the highest risk couldn’t get programmed. The six remaining, mixed-signal designs,
initially formed as a contingency plan, now can provide additional flexibility and
cater to various MSF designs. This is because each ASIC version is optimized for a
nominal center frequency and with a different tunable impedance range. The chips’

footprint and pin allocation can be found in the Fig. 5.20. At the top side of the
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chips, the numbers indicate the design (1-6) (Fig. 5.23(a) to Fig. 5.23(f)) and the wafer
number (01-12). Fig. 5.23 shows chips from wafer number 02.

5.4 Experimental Results

The performance and properties of the ASICs are divided into two parts, since
the RF circuits and asynchronous digital circuits require different test-setups and
experiments to extract their performances. The performance achieved from the RF
LEs is described and then the performance achieved from the asynchronous digital

control circuit and the DACs is presented.

(e) )

Figure 5.23: Microphotographs of the ASIC chip family for PMSFs, showing both top and bottom
sides. The ASICs use wafer-level-chip-scale package (WLCSP) [132] technology, where the solder-
bumps (seen on the bottom side) are directly placed on the I/O pads of a redistribution layer beneath

the wafer.
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Populated PCB

Figure 5.24: Loading element (LE) measurement setup. The PC on the left side of the image,
calculates and sends the configuration settings to the populated PCB, which includes the ASIC under
test, through an FPGA interface board. To extract the RF characteristics of the chip, as shown on
the populated board in the top right inset, the de-embedding boards, shown in the top left inset,
are used to characterize and eliminate the effects of all lines leading up to the chip’s solder bumps.
The S-parameters are captured on the 4-port VNA and afterwards the real and imaginary part of the

impedance is calculated.

5.4.1 RF Characteristics

The performance of the RF LEs was evaluated with the test-setup shown in
Fig. 5.24 and the results are presented in Fig. 5.25. The ASICs were populated
on PCBs with a high frequency substrate (Rogers RO4350) and 50 QO CPWG TLs
connect the LEs to the coaxial connectors at the edge of the PCB. A Keysight N5227B
four port VNA was used to acquire the scattering parameters in touchstone file
format. A MATLAB script was used to control the VNA and to simultaneously
program the ASIC through a field programmable gate array Opal Kelly XEM6010.
The measurements were performed at room temperature. The touchstone files are
de-embedded with the TRL technique described in Section 2.3.1.5. The de-embedded
measured data can be seen in Fig. 5.25 for all six functioning designs. In the same
figure, for all the designs the perimeter of the loading element range can be seen in
dashed red at the design frequency and sample points are plotted with black dots
inside the perimeter. Furthermore, measurements for the four corners of the range

are plotted from 2 to 6 GHz.
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The LE design methodology was reported in Section 3.3.1([22]), but these mea-
surements were taken by directly probing the structures on-chip, and do not include
the parasitics of routing to the chip corners as well as the WLCSP parasitics. Fur-
thermore, the previously presented measurements used external supplies to bias the
LEs whereas in Fig. 5.25 the adaptive bias is generated from on-chip DACs, with no
external supply. The resistance and capacitance values of the LEs are tuned with
the DAC output voltages Vi (real impedance bias) and V¢ (imaginary impedance
bias), respectively, as shown in the ASIC architecture of Fig. 5.2. The measured
impedance responses of the LEs for the entire family of chips are shown in Fig. 5.25
on Smith charts. Note that each chip was optimized for a different operating regime.
The designs have a wide operating frequency from 2 to 6 GHz, and in this work,
representative results are presented for five frequencies within this frequency range.
Designs 1,2,5 and 6 have a center frequency of 5 GHz, while Designs 3 and 4 have
a center frequency of 3 GHz. At the center frequency, an area on the Smith chart is
outlined, where the loading element can be operated. This area is formed by con-
trolling the input code of the two DACs that bias the loading element at the Vi and
Ve nodes. The measured perimeter is plotted with a dashed red line at the center
frequency. Sample points are also plotted at the center frequency to illustrate the

ability to obtain intermediate states in the plotted area.

5.4.2 Digital Control Circuitry Characteristics

Although the author didn’t contribute to the design nor the characterisation
of the digital control circuitry and the DACs, a summary of the characterisation
is added for completion in this section. The key measurements can be found in
Table 5.4. For more information on the characterisation of the control circuit one can
see [114,135].

The configuration of the ASICs can be achieved using an external digital device
e.g. an FPGA or microprocessor. However, the digital device can either be removed
or entered into sleep mode once the configuration of the ASICs is completed, since
the data are stored in the memory cells of the control circuit, in this case the 64 bit
shift register. Thus, the power consumption of the digital device is not considered
part of the static consumption of a PMSF system that utilizes the proposed ASIC

architecture.
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Figure 5.25: Smith chart plots of the de-embedded measured impedance responses of the LEs for
each of the six ASIC designs. The different ranges of impedances for each ASIC can be observed for
bias voltages ranging from 0 < V¢ < 1.8 V and 0 < Vi < 1.8 V. The red dashed line delineates the
perimeter of the measured impedances at the design frequency for all bias levels, indicating wide

and varying realized impedance ranges.

The test-setup consists of a PC and an FPGA to prepare and send the data-
packets to the chips, and an oscilloscope to visualize the results. The chips are
powered using a reliable source-measure-unit (SMU) device, to facilitate average
power consumption measurements. Each control circuit has sixty-four memory
cells connected in a series configuration, and has eight cells allocated per DAC.
Thus, the packet length is sixty-four bits and the total number of individual states
available per chip is 2%. Neighbouring chips communicate via handshake and
respect the 4-phase dual-rail asynchronous protocol, whereby each bit is represented
by two signals (‘data.true” and ‘data.false’) and there is also the acknowledge signal
(‘data.ack’) which declares the end of each cycle. A detailed explanation of the
4-phase dual-rail protocol can be found in [99,114]. Due to the 4-phase dual-rail
asynchronous nature of the circuits, the ASIC’s configuration time is not dependent

on the data packet content, i.e. the cycle time is independent of the binary sequence
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Table 5.4: Characteristics for the proposed MSF ASICs.

Technology 180 nm CMOS Mixed-Signal RF 1P6M
Supply Voltage (core and IO) 1.8V
Die Size 4.84 mm?
Package Type WLCSP
Number of memory cells 64

Bit Rate 68 MBits/s
Energy Consumption per Bit 79 pJ/bit
Packet Frequency 1 MHz
Energy Consumption per Packet 5.1 nJ/packet
Static Power Consumption 328 uW
DAC range 0-1.793V
DAC resolution 7 mV/bit

transmitted or received. The average configuration time per chip is measured to be 1
ps. During this time, in the channel, 64 bits are exchanged between the sender circuit
and the receiver circuit and both circuits are ready for the next packet. To exchange
one bit between two ASICs, the average required time is 14 ns, thus the bit rate of
the ASIC is 68 MBits/s. The static power consumption of the ASIC is 328 uW. The
energy per bit consumed by one ASIC is 79 p]/bit and the energy consumed per ASIC
reconfiguration is 5.1 nJ/packet considering the delays of the buffer stages and the
PCB tracks between the chips. Note that the power consumption could have been less
but the ASIC design consists of four impedance LEs with eight DACs (main power
contributors) and thus it can set the impedance of up to four unit cells. Our DAC
design is based on a two-stage resistor string architecture, with a resolution of eight
bits. The advantages of this DAC type are its accuracy, monotonicity, and its small
layout. Also, it can be directly connected to the LEs since its output impedance is
much lower than the controlling input impedance of the varistors and varactors. The
ASIC’s measured performance and characteristics are summarized in Table 5.4. The
static power consumption is mainly attributed to the DACs, whereas the dynamic
consumption is dependent on the reconfiguration frequency, hence characterised as

energy consumption per packet.
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5.5 Discussion

The presented family of ASICs is expected to drive a new generation of PMSFs
that can be incorporated into future telecommunications systems, but which can also
be retrofitted into current systems. In the programmable telecommunication envi-
ronment presented in [38], MSFs are used to improve the throughput and the security
of indoor telecommunication systems. Outdoor telecommunication systems can be
improved in multi-user environments by incorporating MSFs within base stations,
thus improving their adaptive multibeam capabilities. The family of ASICs pre-
sented in this work is a key component in future MSF-enabled telecommunications
systems. Multifunctional performance has been demonstrated by incorporating the
proposed ASICs in unit cell structures illustrating their performance in combination
with various MSFs [22,43,44]. With the advanced capability of tuning both the am-
plitude and phase of the reflection coefficient, the representative designs are able to
perfectly absorb an incident wave up to oblique angles of incidence for both trans-
verse electric and transverse magnetic polarizations. This has been further extended
[22] to absorb both polarizations simultaneously and independently. Anomalous
reflection and polarization rotation were also demonstrated [95,107], but even as is,
these functionalities are only a fraction of what the ASIC-equipped programmable
MSF can achieve. By controlling the amplitude and phase of each unit cell at a sub-
wavelength scale, more complex functions of the MSF design can be achieved, such
as multi-beam patterns, absorption from one direction while reflecting in another,
tine control of polarization, and non-linear reflection. For example, multi-beam or
even arbitrary beam shaping to suit the needs of a telecommunication system in a
multi-user and multi-objective environment could be achieved. Also, the advanced
functionalities of such MSFs can be adopted in reduced RCS applications, stealth
technology, and even cloaking. Furthermore, PMSFs find applications in hologra-

phy, which use the amplitude and phase programmability which they can provide.

The functionalities described in the literature, control the MSF in two dimen-
sions, engaging only amplitude and phase control with a slow or static operation.
The family of ASICs presented herein utilizes fast asynchronous control circuits,
which is also robust and reliable. Thus, the PMSFs that use these ASICs can quickly
and accurately reconfigure their amplitude and phase response in time. For exam-

ple, for a series of 100 chips used in a typical MSF, the programming time would
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be approximately 100 us, which also incorporates the time delay of the high-speed
communication lines that connect the ASICs. Assuming there are four patches con-
nected to each chip, this time can be translated into the time required to configure
400 metal-patches of a MSF, each with individual settings. This ability is particu-
larly useful, since modulation of arbitrary beam-shaping can be obtained, and thus
the MSF can control not only the propagation of electromagnetic energy within its
environment, but also the information that the electromagnetic wave contains.
Programmable MSFs are expected to reciprocally co-evolve with telecommuni-
cation systems in the near future. Similarly, the ASICs presented are expected to
evolve to satisfy the growing need for low-power and low-cost electronics tailored
for PMSFs. The MSF trend will require that future ASICs operate even faster and
with wider programmable loading element ranges. Thus, technologies with smaller
features are expected to be used in order to reduce the size of the chips and to in-
crease their speed. Additionally, more exotic technologies that include memristors
and/or micro-electromechanical switches will be utilized in the LEs to increase their
range. Furthermore, as SiGe and GaAs technologies become more affordable they

will find their way into future ASICs for MSFs.

5.6 Conclusion

A family of low-cost, low-power, high-speed and scalable ASICs for complex
impedance adaptation at microwave frequencies has been developed. The ASICs
can communicate on MSFs and can be programmed via software to control the com-
plex impedance of each loading element in time and in space. This can be translated
into a variation of the amplitude and phase response of both the reflected and trans-
mitted waves, for both TE and TM polarizations on a MSF, due to the multi-bit
resolution of the LEs in each ASIC. Furthermore, each unit cell can be individually
addressed, without interfering with the incoming electromagnetic waves because of
the asynchronous operation of the control circuit, which leads to low electromag-
netic noise emissions. Even with these additional functionalities, each member of
the ASIC family consumes only microwatts in its static operation. The performance
of the chips highlights the potential of using ASICs for realizing PMSFs. This work
is a step towards the development of real-time PMSFs that can be integrated into in-

door/outdoor telecommunication systems. It also paves the way for the development
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of MSFs for use in extraordinary applications that previously seemed infeasible, such
as cloaking of not only static but also moving objects, moving holograms, dynamic

manipulation of incoming signals and many more.
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Chapter 6

ASIC Enabled Programmable
Metasurfaces: Design and

Characterization

A multifunctional and reconfigurable PMSF is presented in this chapter that is
enabled by an ASIC. The enabling ASIC integrates control, digital-to-analog con-
verters (DACs) and loading elements (LEs) to programmatically alter the response
of the PMSF unit cells, while minimizing power consumption and cost. These pro-
grammable unit cells subsequently comprise a larger PMSF, which provides control
of the reflected magnitude and phase for a given incident wave for both transverse
electric (TE) and transverse magnetic (TM) polarizations. With this ability, the re-
flected wave can be set to zero, and both polarizations can be perfectly absorbed
simultaneously and independently up to oblique angles of incidence of 60° for TE
polarization, and 70° for TM polarization. The PMSF builds upon the work in
Chapter 4 and uses the ASICs presented in Chapter 5 to realise a PMSF that finds
applications in smart wireless environments by providing the capability to redirect
incident waves in a programmable manner, while also enabling the perfect absorp-
tion of incident interfering waves and programmatically synthesizing complex and
polarization agile wavefronts. The next chapter (Chapter 7) focuses on the wavefront
synthesis and performance of this design while here, in this chapter, the design and

characterization are presented.
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6.1 Introduction

MSFs, which are two-dimensional versions of metamaterials (MTMs) have been
gaining attention recently due to their novel abilities and low profiles, which make
them an attractive solution for many wireless applications. The two main novel
abilities that MSFs have demonstrated are perfect absorption [85,123] and anomalous
reflection [12,83,124].

Perfect absorption is obtained by matching the surface impedance of the MSF
to the incident wave’s impedance. The surface impedance for perfect absorption
in this case should be equal in all the unit cells. Anomalous reflection is obtained
by creating a gradient of surface impedances along the MSF. Similar to anomalous-
reflection MSFs, coding MSFs set the individual surface impedance of each unit cell
to obtain multiple reflected beams with different polarization [89] and spin [112]
control.

In order to introduce a tunable response, MSF designs have incorporated tunable
elements in the unit cell. Numerous electrically-tunable MSFs have been shown,
including the use of varactors [20, 21, 87], complex impedance tunable integrated
elements [22], liquid crystals [23], piezo-electric actuators [136], and more recently
utilizing graphene [24-26]. Numerous means of obtaining a tunable MSF behaviour
have been shown in [27], while magnetic tunability has been shown in [28], and
optically tunable behaviour has been shown in [29]. Optically tunable behaviour
has also been shown by utilizing the optical properties of PDR1A [30], which has
been shown to possess a memory effect [31].

By controlling the MSF through software, PMSFs have been demonstrated in
[32-37]. Using this control method, each unit cell has been programmed to obtain
multiple reconfigurable functions, such as polarization, scattering and focusing con-
trol [32], holography [33, 34], non-linear harmonics control [35], machine learning
imaging [36], and frequency recognition for self-adaptivity [37].

These PMSFs are often found in the literature as reconfigurable intelligent sur-
faces (RISs) or intelligent reflective surfaces (IRSs). PMSFs and their aforementioned
advanced electromagnetic manipulation capabilities, have provided the potential to
greatly improve wireless telecommunications through the smart radio environment
reconfiguration paradigms [38-42] and have increased the capabilities and agility of

antenna applications [43—47].
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(@) (b)

Figure 6.1: Manufactured programmable metasurface (PMSF) prototype with a design frequency
of 3.6 GHz. (a) Top view, and (b) bottom view showing the application-specific integrated circuits

(ASICs) populated on the PMSF.

The employment of PMSFs in a radio environment finds contrast with traditional
wireless telecommunications systems, where the effect of the terrain or structural
environment is simply accounted for by the transmitter and receiver. By operating
a PMSF in a radio environment the parameters of the channel can also be partially
controlled. PMSFs operated in this manner have shown promise in improving
multiple aspects of wireless telecommunications, such as increased reliability, energy

efficiency and security [38-42,48-50].

A PMSF can be retrofitted in current telecommunication systems by illumi-
nating it within the Fraunhofer region from a passive directive antenna, such as a
rectangular horn antenna. This combination of passive antenna and PMSF now can
programmatically alter the overall radiating pattern [43-45,50,51]. Even though
that this concept is not new and has been implemented previously using traditional
transmit-arrays and reflect-arrays [52,53,137], PMSFs offer in this scenario greater
control over the reflected or transmitted wavefront due to their sub-wavelength unit

cell size.

The current state of PMSFs, which don’t utilize the architecture presented in
Chapter 3 and Chapter 4, rely COTS components, such as varactor diodes, PIN
diodes and external FPGAs. Subsequently their cost and power consumption is
impacted [32-37]. Each unit cell of these PMSF is equipped with a minimum of

one lumped diode which enables their tunability. Due to the large number of unit
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cells the power requirements are significant to bias all the diodes, not to mention the
power required to bias the FPGA. DACs are used to provide more discrete states to
each unit cell, with the compromise of further increased power consumption. The
implementation of the feeding networks to each unit cell is a challenging process and
requires additional FPGAs as the size is scaled up. Furthermore, the programmable
approaches outlined in [32-37] only control the phase response of the unit cell for
a single polarization. Controlling the phase and magnitude of the unit cell for
both polarizations with off-the-shelf components such as FPGAs, diodes and DACs
increases further the complexity of the feeding networks, power consumption and
overall cost of the PMSF [54].

In this chapter, the limitations of the past PMSF architectures are tackled with
a new architecture that finds contrast to conventional FPGA-based PMSFs [32-37,
54,137,138], since it integrates complex impedance MSF LEs, DACs and digital
control locally within each unit cell. This is done by co-engineering the ASIC with
the electromagnetic response of the unit cell. This work uses the ASICs reported
in [114] while refining the ASIC’s measurements, and significantly expands the
initial PMSF design reported in [22], to produce a low power, low cost, reliable,
and scalable standalone unit that doesn’t require external costly and power hungry
FPGAs and DAC modules. The ASICs were populated on the back of the PMSF
and were used to provide a complex impedance in a programmable manner, for
the independent absorption of both TE and TM polarized waves. This enabled
the PMSF to perfectly absorb waves with multiple polarizations at both normal
and oblique angles of incidence. In this work, it is further demonstrated how this
PMSF design can perform additional multiple functions that aim to target future
programmable wireless environment applications, programmable antennas, multi-
user base-station, holography, imaging and wireless applications [92, 94,139, 140].

This work is broken into two self-contained chapters, this first chapter (Chap-
ter 6,[141]) which focuses on the design and characterization of the PMSF, and a sec-
ond chapter, (Chapter 7,[142]), which focuses on the applications of the presented
PMSE. This chapter is organized into the following four sections. In Section 6.2
the PMSF architecture and the unit cell geometry are presented. In Section 6.2.2
the RF performance of the ASIC is experimentally verified with an innovative de-
embedding method. Finally, the PMSF performance and experimental verification

that it can control the magnitude and phase of both TE and TM polarizations is
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summarized in Section 6.4, which is followed by the Conclusion.

6.2 Metasurface Design

The design in this work consists of a PMSF with M X N unit cells, as shown
in Fig. 6.1. The unit cell design was introduced in [22] and Chapter 4. The design
consists of four exponentially tapered lines that form a cross shape. The corners of
the exponential tapers have been merged to form a square ring. The thin edges of the
exponential tapers are loaded with an ASIC on the bottom layer of the PCB as shown
in Fig. 6.1(b). The ASIC consists of four LEs, and can programmatically load each
unit cell with a variable complex impedance in order to achieve independent and
simultaneous control of the absorption for both TE and TM polarizations. Perfect
absorption was demonstrated in simulation for angles of incidence up to 60° [22].
This current design is optimized to control the magnitude and phase of the reflection
coefficient of both polarizations (TE and TM) for a wide range of incidence angles
0 in the elevation plane, while keeping the azimuthal angle ¢ fixed at ¢ = 0° (see
Fig. 6.1(a)). Additionally, the design takes into account the physical layout of the

ASIC, its measured response, and all the PCB metallization details.

6.2.1 Unit Cell Geometry

The details of the unit cell geometry can be seen in Fig. 6.2, while the geometric
parameters of the unit cell can be found in Table 6.1. In Fig. 6.2(a) a three-dimensional
view of the unit cell is shown. The four exponential tapers are located on the top
layer (L;) and are at a distance H; from the ground-plane layer (L,). The insert of
Fig. 6.2(a) shows a side view, which illustrates all four layers of the unit cell. The
bottom layer (L4) is where the ASIC is positioned, while an additional layer (L3) is
used for signal routing. The top layer (L;) is connected to the bottom layer (L4) with
through-vias, as shown in Fig. 6.2(a). The unit cell was built on a Panasonic Megtron
6 substrate with a nominal dielectric constant (¢,) equal to 3.49 and a loss tangent
(tan 6) equal to 0.003. The four exponential tapers extend from a metallic square
ring with a width of Wy, located at the perimeter of the unit cell at a distance G
from the unit cell’s edge. The terminating width of the exponential taper is equal

to Tg. The unit cell was simulated in primary/secondary boundary conditions, and
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excited with a Floquet port in ANSYS’s HESS software. The unit cell’s geometric
parameters were optimized for wide angle perfect absorption, as well as magnitude
and phase control, at the design frequency of 3.6 GHz. The design frequency was
chosen within the sub-6 GHz 5G band, as to permit later experimentation with 5G

signals.

The bottom view of the unit cell is shown in Fig. 6.2(b). Around the ASIC, a
ground metallization with a width of Syy was placed on L, and Ls. This metallization
is connected using vias to L,, which serve as a ground and shield to the RF terminals
at the edges of the ASIC. Openings on this metallization were placed to allow
routing of the global biasing and communication lines, which are connected to the
corresponding pins at the center of the ASIC. The global 1.8 V biasing line in the
manufactured prototype is connected to an L; metallic layer layer which is poured
in the layout. The ASIC’s communication lines use an asynchronous scheme and are
routed on L;. The communication connectivity of the ASICs enables them to connect
with each other and occupy any arbitrary shape by routing the communication

between ASICs. More information can be found in Chapter 5 ([114,135]).

A close-up view of the ASIC’s footprint is shown in the top-right insert of
Fig. 6.2(b). The ASIC has a pitch of ICp, and each pad has a diameter of ICp. Each

exponential taper was terminated through a GSG connection to the four corners of

Table 6.1: Unit cell’s geometric parameters.

Geometric Parameter | Dimension (mm) Description

H, 1.86 Top substrate thickness
H, 0.20 Bottom substrate thickness
D 25.25 Period of the unit cell

Wa 4.0 Width of square ring

T 1.0 Taper width

Tc 6.5 Distance between tapers
G 2.65 Taper gap

Gw 0.2 Ground cut width

Sw 7.5 Shield width

ICp 0.4 ASIC pitch

ICp 0.25 ASIC pad diameter
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Figure 6.2: PMSF unit cell geometry. (a) 3D view with side-view insert, indicating the PCB layers and
ASIC location. (b) Bottom view with two inserts, one showing the ASIC footprint and the second

showing the ground stitches.

the ASIC. The GSG connection offers a reflection-less termination to the internal LEs
of the ASICs. High quality-factor capacitors (Murata, GJM0225C1E100JB01) were
placed on the signal track to DC-block the four LEs. In order to reduce the PCB
warping from the different expansion coefficients of the substrate (Megtron 6) and
the solid copper ground layer (L), a cut (Gw) was inserted on L,. To ensure that
L, functions effectively as a ground plane, ground stitches were added across the
cut Gy, as shown in the bottom-right insert of Fig. 6.2(b). Even though a minimum
of three ground stitches was found to have identical simulated results with a solid

ground plane, four stitches were used to ensure a good ground connection.

6.2.2 Metasurface Loading ASIC

The PMSF loading ASIC architecture was first reported in Chapter 3 [107] and
was used to obtain a family of different footprints and complex impedance ranges
in Chapter 5 [114]. The ASIC’s microphotograph is overlaid with its architecture
and can be found in Fig. 6.3. The architecture consists of asynchronous control
circuits [135] and eight DAC that are used to bias all four LEs within the ASIC.
The control circuit is essentially an asynchronous shift register. This shift register
is 64 bits in length, and provides the inputs to all eight DAC, which are 8-bits each
([107,114,135]).

The four LEs (LE;-LE4) shown in the architecture diagram in Fig. 6.3, are identical
but can be programmatically biased independently. This means that the biasing

voltages (Vri1, V1) of LE; and any other LE can be set to any value between ground
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Figure 6.3: Microphotograph of the bottom side of ASIC Design 4.02 with the overlaid architecture.
Large top-metal structures of the chip, such as inductors, can be seen between solder-bumps. The

digital control circuitry is hidden behind metal-shielding layers.

and the supply voltage with an 8-bit resolution. The circuit schematic of the LEs is
represented in Fig. 6.3 as a simple tunable parallel RC connection. The layout of the
LEs reported in [22] was specifically designed for on-wafer measurements, while in
this work the layout of the LEs was adapted to the footprint of the Design 4 ASIC
(see Fig. 5.20). Layouts of all the designs (Design 1-6) in Chapter 5 [114], including
Design 4, were adapted for a WLCSP with the pitch and ASIC pad dimensions
shown in Table 6.1. WLCSP minimizes layout parasitics, while reducing the cost.
Small additional package and layout parasitics attributed to the WLCSP process
were adjusted by small modifications to the LE varactors. In Fig. 6.4 the orientation
of the LEs is shown along with a close-up view of the Design 4 layout in the inset. In
the inset the inductor can be clearly seen, as it is placed within a wide ground metal
and the solder balls that surround the LE, indicated in the figure by the letter G. The
varactor and varistor are placed in close proximity to the signal pad, indicated by
the letter S.

The LE layout was designed in CADENCE VIRTUOSO using a commercially
available 180 nm technology. The layout was imported into Keysight’s ADS to be
simulated in Momentum. All passive components” responses were validated with
the models of the process design kit (PDK), and the active components’ models were
exported using a Touchstone file format, which were used in a co-simulation with

the passive components.
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Figure 6.4: 3D view of the application specific integrated circuit (ASIC) located on Ls. The ASIC
contains four loading elements (LEs). Silicon removed for clarity. The inset microphotograph shows

the bottom view of one of the LEs, indicating the locations of the main components.

6.2.3 ASIC Measurement

As described in Chapter 5, the ASIC was manufactured using a commercially
available 180 nm technology, which was post-processed with extra layers at a wafer-
level, so as to place solder balls with diameter 240 ym on the actual die, i.e. WLCSP.
In order to measure the performance of the WLCSP ASICs, these were populated on
custom-designed PCBs consisting of four high frequency substrates (Rogers 4350B).
On each PCB four 50 QQ CPWG transmission lines connect the four SMA connectors
to the four RF terminals of the ASIC. The populated PCB can be seen in the top-
right inset of Fig. 6.5. In this figure the microwave measurement set-up for the
ASIC is shown. The measurements were automated using a MATLAB script that
controlled the ASIC though the use of an FPGA board, and the VNA that collected
the S-parameter files. Two oscilloscopes were used to monitor the voltages that bias

the varactors of the four LEs through four bias tees.

6.24 De-embedding method

The equivalent circuit of the populated PCB can be seen in Fig. 6.6. In order
to remove the connector (Con.) and transmission line (TL) effects, both are char-

acterized using the two-length method and are de-embedded (Section 2.3.1.4, [64]).
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Popula}ad PCB

Figure 6.5: Measurement set-up for ASIC’s RC range.

All the de-embedding structures can be seen in the top-left inset of Fig. 6.5. The
shunt Y, matrix around the ASIC is measured using an open de-embedding board
and removed. The series Z, components are primarily caused by the vias leading
to ground below the ground pads of the ASIC. These ground connections, are mea-
sured and de-embedded using a short de-embedding board. It should be noted that
the solder balls of the ASIC are not de-embedded in this procedure.

The ASIC was sequentially controlled to obtain the measured S-parameter
tiles for a range of varactor and varistor biasing voltages. Then, the measured
S-parameter files were de-embedded. The de-embedded results were converted
from S-parameters to a parallel-connection RC (resistance, capacitance) area [22]
at the frequency of 3.6 GHz. The dash-dot line in Fig. 6.7 outlines the RC area’s
perimeter that was obtained. It can be observed that the RC area covers a capaci-
tance range from 1.5 pF to 2.8 pF and a resistance range from 15 ) to 120 Q. The
output power of the VNA was set up to -30dBm, which is significantly higher than
the expected power in typical PMSF applications, such as programmable wireless
environments and antenna reconfiguration applications. Even so, no degradation of
the LE response or heating of the ASIC was observed.

The DACs that bias each varactor and varistor have an 8-bit resolution, which
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Figure 6.6: Equivalent circuit of the populated PCB. The ASIC is located at the center. The ASIC’s
response at the frequency of interest is obtained after the response of the connectors (Con.), transmis-

sion lines (TLs) and discontinuity effects are de-embedded.

results in the LE having 2! discrete states [107,114]. This large resolution enables
the ASIC to seamlessly program all resistance and capacitance combination values
within the RC area perimeter. In Fig. 6.7 the optimal RC values required to obtain
perfect absorption (Jr| < -30dB) for TM and TE polarizations are plotted for normal
and oblique angles of incidence. By optimizing both the R and C values, the unit
cell’s surface impedance can perfectly match the incident wave’s impedance and
obtain a reflection coefficient of at least -60dB in simulation. It can be seen that the
RC combinations that are needed to obtain perfect absorption fall within the RC area

that the ASIC can produce from normal incidence up to 70° for TM polarization and

3.5
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1
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Figure 6.7: Measured parallel-connection RC area perimeter for the LEs shown in Fig. 6.4. Optimized

LE values for perfect absorption (Jr| < -30dB) are plotted for both TE and TM polarizations.
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Material Via Through  Blind  Buried Micro Via Thick. (0nm) ¢ (4 GHz) tan(d) Resin Contain (%) Cloth Layer

49 PPE-R5670(G)
68 PPE-R5670(G)
49 PPE-R5670(G)
49 PPE-R5670(G)

49 PPE-R5670(G) 32 0.003 75 1027
49 PPE-R5670(G) 3.2 0.003 75 1027

49 PPE-R5670(G) 32 0.003 75 1027
49 PPE-R5670(G) 32 0.003 75 1027

49 PPE-R5670(G) 32 0.003 75 1027
49 PPE-R5670(G) 32 0.003 75 1027

49 PPE-R5670(G) 32 0.003 75 1027
49 PPE-R5670(G) 32 0.003 75 1027

49 PPE-R5670(G) 32 0.003 75 1027
49 PPE-R5670(G) 32 0.003 75 1027

68 PPE-R5670(G) 322 0.003 73 1035
49 PPE-R5670(G) 32  0.003 75 1027

Bottom Overlay

Figure 6.8: Detailed PCB stack. The stack also list the dielectric constant (¢,), dissipation factor
(tan(0)), cloth type and description of each layer.

60° for TE polarization.

6.3 PCB Manufacturability

This section describes the PCB production processes. The PCB production
aimed toward large scale manufacturing of PMSFs. The PCB stack was demanding,
and involved significant difficulties. The PCB’s asymmetric layers would have pro-
duced warping or twisting due to their different material compossition with different
thermal expansion coefficients. These asymmetric layers couldn’t be avoided in the
produced PMSF design. The PCB stack shown in Fig. 6.8 was chosen which is sym-
metrically layered but still asymmetric in terms of its metallization. In Fig. 6.8 the
stack is shown in detail, each layer’s material is shown with its thickness, dielectric
constant (¢,), dissipation factor (tan(d)), cloth type and description.

Megtron 6 material was used in the PCB, R5675(G) laminate was chosen and
stacked with prepreg R5670(G). The distances H; and H, are shown in Fig. 6.8 as to
correlate with the unit cell geometry in Fig. 6.2(a). Each prepreg’s cloth style will

require different resin percentage, subsequently this combination produces a slightly
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different dielectric constant. These layers could be added separately in simulation or
be considered a homogeneous material with an average dielectric constant to save
simulation time. The average dielectric constant for the dielectric between L; and L,

was calculated to be 3.49 and for L, to L4 3.21.

A cross-sectioned cut of the fabricated PCB was performed, and its dimensions
were measured using a microscope. A cross-section of a through via is shown in
Fig. 6.9(a) and Fig. 6.9(b), and the measured dimensions are shown in the micro-
photographs. In Fig. 6.9(a) the wall thickness of the through via is shown in various
locations, demonstrating that they were successfully electroplated. The dielectric
thickness of the same through via micro-photograph is shown in Fig. 6.9(b). H; was
measured to be slightly thicker than expected, 1884 um (1692+98+94 um) instead of
1857 um, which translates into only a 1.5% difference to the nominal H; thickness.

In Fig. 6.9(c) the solder mask thickness is shown to be 42 um.

The structural dimensions in this section are useful not only for reassurance
that the PCB manufacturing was correct, but also to isolate the cause of a discrep-
ancy between simulations and measurements in the experimental part. As will be
presented in the next section, a small frequency shift was found in the measurement

which couldn’t be justified by a minor PCB geometric variation.
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Figure 6.9: A cross-sections of the fabricated PCB. In (a), a through via conductor wall cross-section
is shown. (b) shows measurements of the dielectric thickness and (c) solder mask thickness measure-

ments in a micro-photograph.
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Figure 6.10: PMSF bistatic measurement set-up. Two antennas (Ant.; and Ant.,) are placed at an
angle, while the two ports of a VNA are connected to the antennas. The antennas can be rotated for

both TE and TM measurement.

6.4 Experimental Verification

Four 8x8 unit-cell PMSF prototypes were manufactured and assembled to con-
struct a 16x16 unit-cell PMSF, shown in Fig. 6.1. The prototypes occupied a total
area of 40.4x40.4 cm?, i.e. 4.85x4.85 wavelengths® at 3.6 GHz. This size was cho-
sen as to be easily measured in free space conditions. The design’s total static and
dynamic power consumption was measured to be 84 mW, which translates into a
power consumption by each unit cell of 328 uW. The reconfiguration data to each
one of the 8x8 unit-cell PMSF prototypes are serially supplied to their connectors.
64 bits are needed for each ASIC located in each unit cell of the prototype, there-
fore a total of 4096 bits are needed. In order to convert the serial data from a PC
to the asynchronous 1.8 V protocol required by the ASICs, a low power microcon-
troller was used with a 16 MHz crystal oscillator and bi-directional level shifters.
The four 8x8 unit-cell PMSF prototypes can be sequentially connected, as shown in
[135], and can occupy arbitrarily large areas, something that can’t be achieved with
FPGA-based PMSFs. Alternatively, the PMSF prototype can be connected in parallel
to be programmed simultaneously. Parallel connectivity was chosen to reduce the
total reconfiguration time and to expedite the measurements. The four 8x8 unit-cell
PMSF prototypes were connected directly to the low power microcontroller unit

and the total reconfiguration time (T7,) was measured to be approximately equal to
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Figure 6.11: Measured reflection coefficients for an angle of incidence 6; = 27.5°. (a) TE and (b) TM
polarization. Representative measurements are overlaid with their V and V¢ voltages indicated in

the legends.

800 ps. The limiting factor in the reconfiguration time in this scenario is the micro-
controller’s clock, since the ASIC’s minimum reconfiguration time is less than 1 us
when left to operate without a clock, asynchronously in a ring topology [114]. The
microcontroller can be set to sleep mode, or it can be even disconnected once the
PMSF is reconfigured, and therefore its power consumption can be neglected in the

total static power consumption.

The measurement set-up is shown in Fig. 6.10. The PMSF was illuminated at
a distance greater than 1 m (11.5 wavelengths) from a transmitting antenna (Ant.;)
placed at an angle (0;), while the reflected signal was received at the same angle by
a receiving antenna (Ant.,;). The direct path between the two antennas was blocked

with the use of pyramidal absorbers.

The measured Sy; from the measurement set-up was obtained while sweeping
all the varactor and varistor biasing voltages (V-4 and Vgi_4). All the measurements
were then compensated using a metallic plate that was placed at the position where
the PMSF is measured. After the compensation using the metallic plate the measured

S»1 can be converted to the reflection coefficient for TE (r,,) polarization. All the
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Figure 6.12: Measured TM reflection coefficient magnitude (|r.[) and phase (Zr), at 3.44 GHz, for
incident angles ranging from 0; = 15° to 0; = 27.5°. (a) magnitude and (b) phase for 0; = 15°. (c)
magnitude and (d) phase for 0; = 20°. (e) magnitude and (f) phase for 9; = 27.5°.

measured reflection coefficients for an angle 0; = 27.5° can be seen in Fig. 6.11(a),
plotted in grey for a frequency bandwidth extending from 3 GHz to 4 GHz. Four
representative measurements are also overlaid with different colours, and their V¢

and Vg voltages are indicated in the figure’s legend.

By rotating the antennas (Ant.;_,) by 90° the measurement can be repeated to
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obtain the reflection coefficients for TM polarization (r,.). Representative TM polar-
ization reflection coefficient measurements can be seen in Fig. 6.11(b) for a frequency
bandwidth also extending from 3 GHz to 4 GHz. From Fig. 6.11(a) and Fig. 6.11(b)
one can observe that there is a shift in the operating frequency of the PMSF of
roughly 5%. This shift can be attributed to numerous manufacturing and fabrica-
tion reasons. The most probable reasons are variations in the electrical properties
(dielectric constant and loss tangent) of Megtron 6 rather than its thickness. It is also
possible that the acrylic frame that supports the PMSF could also cause this shift,
since it is in close proximity to the active metallic structures. Nevertheless, the PMSF
can achieve in measurement a reflection coefficient less than —30dB, and therefore
can achieve perfect absorption for the TE polarization from 3.41 to 3.48 GHz, while
perfect absorption can be achieved for the TM polarization from 3.36 to 3.47 GHz.
For both polarizations, a fine sweep of varistor and varactor voltages was per-
formed for a range of incident angles. In order to speed up the measurement time,
not all 2! states of the ASIC were measured, but they were interpolated using the
“interp2” MATLAB function. Contour plots of the reflection coefficients are plotted
in Fig. 6.12 (TM) and Fig. 6.13 (TE) at 3.44 GHz for every DAC input for angles of
incidence (0;) equal to 15°, 20° and 27.5°. As can be seen in Fig. 6.12 and Fig. 6.13,
for every incident angle, perfect absorption can be achieved for a different Vz and
V¢ voltage combination, which translates to an RC value implemented by the LEs.
For example, for an angle of incidence equal to 27.5° these are Vzx = 0.7 Vand V¢ =
0.46 V (Fig. 6.12(e)) for TM polarization, while for TE polarization these are equal
to Vx =0.64 V and V. = 0.28 V (Fig. 6.13(e)). Around the perfect absorption point
(Vr and V), any other Vi and V¢ combination will produce a different RC combi-
nation implemented by the LEs, which will partially reflect the incident wave with
a magnitude and phase difference. This mechanism is what grants the unit cell its
magnitude and phase control. The contour plots for both TE and TM show a near
perfect magnitude and phase coverage for this angle range, with fine resolution that
can be exploited for dual-polarization magnitude and phase wavefront synthesis.
In [22], it was shown that the LEs which are placed along the x axis (LE;3) will
tune only the r,, reflection coefficient and the LEs that are placed along the y axis
(LE34), will tune only the r,, reflection coefficient. This ability allows the decompo-
sition of an incident wave which contains both x and y polarized components into

its orthogonal polarization components, which can each be addressed separately. By
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Figure 6.13: Measured TE reflection coefficient magnitude (|r,,|) and phase (Zr,,), at 3.44 GHz, for
incident angles ranging from 6; = 15° to 6 = 27.5°. (a) magnitude and (b) phase for 9; = 15°. (c)
magnitude and (d) phase for 0; = 20°. (e) magnitude and (f) phase for 9; = 27.5°.

decomposing a wave into its x and y polarized components, one may set 7, or r,, to
zero, and perform independent or simultaneous x and y polarization perfect absorp-
tion. Furthermore, polarization conversion of an incident wave from LP to CP or vice
versa can be achieved together with conversion from LHCP to RHCP. These are just

some basic examples of dual polarization magnitude and phase programmability of
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the PMSF.

In this chapter, the design methodology of an ASIC-equipped PMSF has been
presented and experimentally verified. The experimental verification in this chapter
is limited to the global PMSF settings, meaning that all PMSF unit cells are set to the
same state. With this PMSF global state, the characterization and operation of the
PMSF’s unit cells are obtained. The PMSF design can address each unit cell indepen-
dently and produce complex wavefront patterns. The fully-characterized measured
PMSF unit cell’s reflection coefficients presented in this work are subsequently used
for complex pattern synthesis in Chapter 7. In Chapter 7, the computation time re-
quired for multibeam synthesis is also addressed and improved with an innovative

synthesis method [142].

Table 6.2: Comparison with dual-polarised reconfigurable PMSFs.

Parameter This work [137] [54] [138]
Total static power
84 mW 19W 72W 25W
consumption (Pr)
Unit cell static
power consumption || 328 uW 19mW |18 mW 9.8 mW
(Py = Pr/Noll)
FPGA, FPGA, DACs,
Control Local FPGA
DACs Amplifiers
Operati
perating 3.6 28 75 3.7
frequency (GHz)
Scalability Very High Medium || High Medium
) Liquid ) )
LE technology Si MOSFET PIN diode || Varactor diode
Crystal
Unit cell
1 ps [114] 3s NR NR
reconfiguration time
States per unit cell 264 216 4 4
_ Magnitude
Unit cell control Phase Phase Phase
& Phase

NR: Not Reported.
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6.5 Discussion

The presented design methodology reduces power requirements, cost and ad-
dresses scalability and reliability whilst also increasing the functionality of the de-
sign. This is made clear in Table 6.2, where a comparison is made with dual polar-
ization FPGA-based PMSFs found in the literature. Dual polarization FPGA-based
PMSFs can be found in the literature that use switching diodes (PIN diodes) [54],
varactor diodes [138], and even liquid crystals [137]. Generally, the static power
requirements for switching diodes, varactor diodes and liquid crystals are in the
order of tens of mW, nW, and pW, respectively. Switching diodes require a forward
bias current to be switched, therefore they can be significantly power hungry. For
example, a PMSF which consist of 2020 unit cells, as the design in [54], will have
at any instance half of its diodes switched on, this translates to a total 6.8 W power
consumption, just consumed by the PMSF, without taking into account the FPGA’s
and any other peripheral’s power consumption. Varactor diodes and liquid crys-
tals require significantly less static power requirements but require power hungry
external DAC and amplifier models to be biased. This biasing implementation with
relatively higher voltages will introduce an increased dynamic power requirements,
which are in the order of some mW. This dynamic power is consumed by the DACs
that are driving long PCB tracks which connect the varactors diodes or the liquid
crystal on each unit cell. The dynamic power requirement is proportional to the re-
configuration time and the geometry of the PCB tracks, and the varactor diode/liquid
crystal capacitance. Different length PCB tracks are used in FPGA-based PMSF de-
signs [137,138] therefore, the dynamic power consumption is different for each unit
cell. Furthermore, the power requirements for the FPGA module is not negligible,
it depends on the FPGA model, its clock frequency, and the function its performing.
Generally, FPGAs require 0.5 to 1 W when idle which increases the power require-
ments for FPGA-based PMSFs ([32-37,54,137,138]). Ideally, the unit cell’s static
power consumption (Py;) should include the FPGA and any other peripheral power
consumption by Py = Pr/NolU, where Pr is the total static power and Nol is the
number of unit cells. Unfortunately, the total power consumption is not reported
in any FPGA-based PMSFs ([32-37,54,137,138]), and therefore in the comparison in
Table 6.2 we consider an optimistic FPGA power consumption equal to 0.5 W. The

implementation in [137] seven DAC modules with a typical 0.53 W power consump-

176



CHAPTER 6. ASIC ENABLED PROGRAMMABLE METASURFACES: DESIGN AND
CHARACTERIZATION

tion, for which we consider an optimistic static power consumption of only 0.2 W.
This will bring its total static power consumption to 1.9 W. Similarly, in [138], DACs
and amplifier modules are used, but their models are not reported, for which we
consider an optimistic 2 W static power consumed by these modules, bringing the
total static power to 2.5 W.

FPGA-based PMSFs scalability is restricted by the implementation of the feeding
network from the central FPGA to the LEs located on each unit cell, and will require
additional FPGAs to scale up. By incorporating the DACs, and the control circuit
in a single small ASIC, scalability is addressed since the feeding network is greatly
reduced, power consumption is reduced since no FPGA are utilized, and the DACs
are locally placed with zero dynamic power requirements. Furthermore, the DACs’s
direct connection to the LEs eliminates the need of an output buffer (amplifier), since
they drive MOSFET gates, which further reduces the power consumption.

Cost is reduced in this PMSF architecture through the integration of all the
subcomponents (LEs, control circuit and DACs) into a single die, the ASIC, which
can be mass-produced. The commercial cost of the ASIC can be on the order of a
similar size varactor or switching diodes. More importantly, by loading each unit
cell with complex impedance LEs, the proposed architecture also incorporates dual-
polarization magnitude and phase control in the produced PMSF, which hasn’t been

reported yet.

6.6 Conclusion

A multifunctional and reconfigurable programmable metasurface (PMSF) has
been presented that is enabled with an application-specific integrated circuit (ASIC).
The design of this PMSF involves the co-development of an ASIC. The ASIC ad-
dresses power, cost and scalability limitations found in PMSF designs while offering
four complex impedance LEs which can tune their resistance and capacitance values
with 8-bit resolution each. The ASIC response in its wafer-level-chip-scale package
(WLCSP) was obtained using an innovative de-embedding method. Using the mea-
sured ASIC’s response, the reflection coefficient responses (magnitude and phase)
of the proposed PMSF were optimized for both TE and TM polarization over a wide
range of incident angles. The proposed PMSF design with the fine resolution in RC

can programmatically alter the magnitude and phase of both polarization’s reflection
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coefficients of each pixel for a wide-angle range. This was experimentally verified
near the design frequency of 3.6 GHz. By setting the reflection coefficient to zero for
a given incident wave, both TM and TE can be perfectly absorbed.

The PMSF design finds applications in holography, imaging, programmable
wireless environments, but also in programmable arbitrary wavefront synthesis
antennas. Its operating frequency falls within the currently deployed 5G sub-6GHz
band, but the design methodology can be expanded for future sixth generation (6G)

telecommunication networks in the millimeter waveband.
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Chapter 7

ASIC Enabled Programmable
Metasurfaces: Synthesis and

Performance

A multifunctional and reconfigurable PMSF enabled by an ASIC is presented in
this chapter, that targets smart wireless environment applications. The PMSF design
showed multifunctional capabilities in Chapter 4 and Chapter 6, and realised the
design by significantly expanding the work by utilizing the produced ASICs that
were presented in Chapter 5. In Chapter 6, the PMSF design experimentally demon-
strated the ability to control independently the magnitude and phase of the reflection
coefficients for both orthogonal polarizations. Here, in this chapter, this ability is ex-
ploited to demonstrate programmable electromagnetic wavefront manipulation. A
fast and accurate synthesis method using a two-dimensional single-iteration discrete
Fourier transform (DFT) for producing multiple pencil beams, each with different
polarizations, is presented. Each pencil beam can have a linear, right-handed circu-
lar, left-hand circular or even elliptical polarization. The synthesis method is ideal
for wireless reconfigurable environments enabled by the PMSF, where the number
of unit cells is very large. The PMSF aims to be a single component, installed not
only in the surrounding walls to reconfigure the wireless environment, but also at
the transmitting antennas. The design is experimentally verified by producing a
mixture of linearly polarized and circularly polarized wavefronts, and single, dual

and simultaneous OAM pencil beams are experimentally shown.
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7.1 Introduction

Programmable metasurfaces (PMSFs) are the two dimensional counterparts
of metamaterials which are electronically controlled through software [33,35-37].
These surfaces have demonstrated great control over the electromagnetic environ-
ment. Their sub-wavelength composition gives rise to new physical properties that
are not found in nature. PMSFs can also be found in the literature as RISs and they
offer the possibility to improve wireless telecommunications [38,40-42, 143].

Due to the low profile that PMSFs offer, they can be seamlessly installed within
wireless environments in order to electromagnetically manipulate them. Manipulate
them in a manner to improve multiple aspects of the wireless communications, such
as increased reliability, energy efficiency and security [38,40-42,48-50, 143].

These reprogrammable approaches outlined in [32-36] control the unit cell only
through discrete states. Furthermore, the unit cell reflection phase response is only
programmed with the use of varactors. Varactors can be used for phase-only pro-
grammability, which could satisfy anomalous reflections applications, or in more
simple terms the redirection of an impinging wave. More complex functionalities
may be desired when the PMSF is used as part of the antenna. Similar to traditional
reflectarrays and transmitarrays [52,53,137], PMSFs can be illuminated by a static
antenna and tailor the far-field pattern [50,51,144]. In this manner, a new antenna is
formed by the two, the passive illuminator antenna and the active PMSF.

In order to generate a more complex wavefront, phase-only synthesis methods
can be employed, such as genetic algorithms [32]. Particle swarm optimization
algorithms [145] can also be applied like in any other antenna synthesis problem,
however these methods all require repetitive time-consuming calculations.

Machine learning is promising in achieving fast and accurate computation
[36, 146] by using precomputing or training algorithms. This method was used
in [146] to code an MSF and the predicted results were 94% accurate compared to
the measurements, with a computation time of 5 ms.

Analytical or open loop solutions to synthesis problems exist if the restriction
to control only the phase is eliminated. For this reason, more complex unit cell
structures are required to control both the magnitude and phase of the reflected or
transmitted wave. Unit cells with this control have been shown to generate multiple

beams simultaneously [15], and can even control the power level of each beam
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Figure 7.1: Illustration of PMSF installed in a terrestrial environment. Three PMSFs are positioned
at strategic positions to synthesize a complex wavefront (PMSF;) and facilitate communication with
slow (U;) and fast moving users (U,), redirect (PMSF3) towards a user (Uy) but also absorb (PMSEF,)

an incident wave to block a user (Us).

independently [17]. Holographic MSFs have also been demonstrated by controlling
both the magnitude and phase of the transmitted wave [19,147]. The designs in
[15,17,19,147] are static, limited to one polarization control and don’t report the
computational time needed to calculate the unit cell responses.

The capabilities of the PMSF design reported in Chapter 6 [141] are presented.
In summary, in [141] the details of the PMSF design were presented. The ASIC in its
WLCSP was measured, and its response was presented. The ASIC was populated
on the back of the PMSF and was used to provide the programmable control of
both magnitude and phase for both TE and TM polarized waves. This control
enables the PMSF to perfectly absorb waves with multiple polarizations at both
normal and oblique angles of incidence [22], but also enables the PMSF to generate
dual-polarization complex wavefronts, which is presented here in this chapter.

The PMSF’s primary application can be seen in Fig. 7.1, where PMSFs are in-

stalled in strategic locations to programmatically generate wavefronts and control
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the wireless environment. Three PMSFs are installed in this example. PMSF; is illu-
minated by a passive antenna and it synthesizes the reflected wavefront to produce a
multibeam pattern or any complex wavefront. In this manner, PMSF is functioning
as a reconfigurable basestation antenna that aims to satisfy communication between
multiple users (U;-Uy). Although the scenario is much more complex in reality, in
this simplified scenario we consider the location of the users to be known. With this
information, and the urban environment’s geometry it can deduced that there is no
line-of-sight between PMSF; and Uy, and for this reason PMSF; is being utilized as an
anomalous reflector to establish a wireless communication path. In the case where
a user may act maliciously (U,) a PMSF (e.g. PMSF,) can absorb its radiation and
block it from accessing the network, as was demonstrated in the previous chapter,
Chapter 6 [141] as part of the PMSF capabilities. Users in this scenario might be
moving in the environment at different angular speeds relative to the PMSF. In this
example, U, is moving at a relatively fast speed and therefore needs a rapid refresh
rate of the PMSF reconfiguration. In this case, the PMSF reconfiguration speed needs
to be able to track a fast-moving user.

The reconfiguration speed consists of the computational time needed to derive
each unit cell’s state and also the electronic programming of each ASIC populated on
each unit cell. The ASICs programming speed is limited by the ASIC’s asynchronous
control circuit speed [114]. The computation time to calculate each unit cells state is
not negligible when complex wavefronts are needed.

In this chapter, the capabilities of the PMSF are presented. Multiple pencil
beams are computed with agile polarization control [43-45,107], while taking into
account the computational time. A fast and accurate method to synthesize multiple
pencil beams while controlling their magnitude and polarization is presented. The
PMSF design methodology can perform multiple functions and aims to target future
multi-user basestation and wireless applications [40, 92,94, 95,107]. Furthermore,
the dual polarization magnitude and phase control that the PMSFs possess make it
an attractive solution for holographic and imaging applications.

This chapter is organized into the following sections. In Section 7.2 a multiple
pencil beam synthesis method is presented, and in Section 7.4 the synthesis method’s
implementation is described. The PMSF’s single-pencil beam (or anomalous reflec-
tion), multiple pencil beam and other wavefront control capabilities are presented

in Section 7.5. The design is experimentally validated using a 16x16 unit cell PMSF
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prototype, and its measured results can be found in Section 7.6, followed by the

Conclusion.

7.2 DFT Synthesis

A fast synthesis method that addresses the computational time required for
obtaining the reflection coefficients of an arbitrary size (NXM) PMSF is presented in
this section. The reflected far field, F in the spherical coordinate system to be can be

expressed as:
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Here, EF is the element factor [17], i,,, and 7,,, are complex incidence and reflection
coefficients, respectively. The multiplication of these two components results in
the analogous complex excitation used in traditional array factor analysis. The
wavelength is denoted by A and D [141] is the physical dimension or the periodicity
of the unit cell. iy, is given by:

e
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Here, d,,. is the distance of each unit cell from the source. The first term of the
equation can be easily identified as Friis” equation, used to calculate the magnitude
of the incident wave, while the second exponent term is used to calculate the phase.
Even though (7.1) is best suited for a plane-wave excitation, the work can be easily
adapted to a spherical-wave excitation located in the near field, with the use of
imn, taking into account the different magnitudes and phases of the incident wave
on each unit cell. This can be expanded by using measured incidence coefficients
from a realized antenna illuminating the PMSF. The reflection coefficient 7, is
extracted from a unit cell simulation with periodic boundary conditions or through
measurements [141]. From the results, it was identified that the reflection coefficient

has the following form:

= (7.3)

mn | *

mn mn

T Ty
P = .
0 B ol

mn  mn
T’yx Tyy

Amn pjd! 0 }
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Here, ry' and ry)' are complex reflection coefficients with a finite reflection
(magnitude and phase) range. The unit cell is lossy, therefore the ranges of A™" and
B™" do not extend from 0 to 1 and the phase responses (¢}, ¢yy') do not cover the
range from —7 to m. The phase response can be satisfied though by relaxing the A
and B terms to a smaller value and normalizing the calculation to that value. The
terms ryy’ and Y are equal to zero, indicating that there is no cross-polarization
conversion in the unit cell. For this reason, the incident wave should contain both
polarizations if a dual-polarization synthesis is desired.

For this topology where the PMSF is on the xy plane (Fig. 7.1), the far field can

be expressed in the uv coordinate system:

M-1N-1 ]2n[m9u+ngvl
F(u,v) = EF(u,v) Ly mn€ Al (7.4)
m=0 n=0
where:
u=sin6 cos¢, v =sin6 sin . (7.5)

It was shown in [148] that the relationship between F and the MxN 2D inverse fast

Fourier transform on the excitation (IF) is :

F(u,v) = M N IF(I, k). (7.6)
where the Ik indices are related to the uv coordinate system by:
Ak 1 Al 1
”_B(A_/I_E)’ D(ﬁ‘z) @.7)

Therefore, one can sample the far field at the points shown in (7.7) and perform
a 2D DFT to obtain the element-to-element multiplication of i, X7,,,. Since i, is
geometrically calculated, the reflection coefficients (r,,,) can then be easily calculated
by simply dividing 7, X7y by im,. Similarly, in an MXN matrix values that are
associated with a uv direction can be set equal to a complex number. A 2D DFT of
the array will yield the iy, X7, that would produce a beam in the set uv direction.
In this work, two input matrices are used, one for the x component (In1,) and one for
the y component (In,), which are independently set since independent control of the
reflection coefficients for both the x and y polarization components (7., and r,,) can

be performed.

In,(1,1) --- In.(1,M) In,(1,1) --- In,(1,M)
In, = : : , Iny = : : . (7.8)
Iny(N,1) --- In,(N,M) In,(N,1) --- In,(N,M)
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Figure 7.2: Calculation time needed to compute each unit cell’s magnitude and phase versus the

number of unit cells. The number of unit cells along both the x and y directions were equal (N = M).

These input matrices are computed using a 2D DFT to obtain the reflection coeffi-
cients (7, and r,,). An important advantage of having the input entries equal to a
complex number is that one can control not only the magnitude but also the phase
of a pencil beam for both x and y polarizations. This is particularly useful, since it
allows the flexibility to set pencil beams to have LP, RHCP, LHCP or even elliptical

polarization.

The above calculations for obtaining the element reflection coefficients were
performed for a random number of entries in the input matrices and for an MxN
number of unit cells, while keeping the number of unit cells along the x axis equal
to the number of unit cells along the y axis (N=M). The code was implemented in
MATLAB, executed on an average laptop running on Windows 10, using 8 GB RAM
and an intel core i5 CPU. The time elapsed on the calculations was measured with
the use of timer functions (tic and toc functions) for 600 iterations and was averaged
out. The plot of the calculation time versus the number of unit cells can be seen in

Fig. 7.2.

The calculation time of a random number of pencil beams is significantly shorter
than the calculation time reported in [146] using a deep-learning algorithm, even
though more complex beams are calculated and it is executed on a typical laptop.
Compared to the addition theorem used in [15-17], the calculation time was found

to be significantly lower. The calculation time in [15-17] will be affected not only
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by the number of unit cells but more importantly by the number of beams (NoBs).
The calculation times used to calculate a NoBs equal to M/3 are plotted in Fig. 7.2 for

comparison.

7.3 Directivity, Gain and Efficiency

In this section the directivity, the gain and th efficiency of PMSFs is briefly
presented. The directivity of a PMSF design can be easily calculated with the well
known equation [74, 149]:

IF(0, )

D(6’¢): 1 21 T g )
= b Iy IF©,¢)Psin0dodd

(7.9)

Similarly to traditional reflect arrays, a planar PMSF’s can be illuminated by a passive

antenna and its gain (G) can be calculated with:
G(6,¢) = D(O, P)eap, (7.10)

where ¢,, is the overall efficiency of the combine passive antenna and PMSF. This is
generally referred to as aperture efficiency, and it is a product of other factors. Some

of the most common factors are listed below.

e Feed efficiency (¢f): This is the efficiency of the reflectarray feed system, the

passive antenna. For a horn antenna feed or a open-ended rectangular waveg-

uide (ORWG) feed, this efficiency is reduce from Ohmic losses.

e Spillover efficiency (&;): The passive antenna can illuminate the PMSF in such

a way that part of energy is not intercepted by the PMSF. Spillover efficiency
is the fraction of the total power that is radiated, intercepted by the reflecting
aperture, in this case the PMSF, and collimated relative to the radiated feed

power.

e Blockage efficiency (¢;): The feed antenna can potentially block part of the

radiation. The fraction of the power that is not blocked and the total reflected

power is named as blockage efficiency.

e [llumination efficiency (¢;): An aperture will obtained its maximum directivity

when it is illuminated uniformly, a taper illumination will reduce the directiv-

ity. This efficiency is also know as taper efficiency.
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e Material loss (¢q): Material loss are common in traditional reflectarrays such as

patch reflectarrays. These losses will arise from substrate and conductor losses
and will result in an overall reduction of the antenna gain. This efficiency (),
is the fraction of the total radiated power and an ideal case where the materials

like the conductors and the dielectrics are lossless.

e Phase efficiency (¢,): Spacial quantization of the reflection coefficients, which

are implemented by the unit cells, opposed to a smooth reflector aperture, can

potentially reduce the overall gain. This gain is often called phase efficiency

(€p)-

e Polarization efficiency (¢,): The feed can couple power to the cross-polarized

wavefront. This power will reduce the gain in the co-polarized wavefront.

This efficiency, polarization efficiency (¢,), is the fraction of that amount.
Therefore, from the above factors the aperture efficiency reads:
Eap = EfESEREIEQE . (7.11)

The improvement of all the efficiency terms in (7.11) is important in order to increase
the overall gain of the PMSF when illuminated by a passive antenna or in more
simple terms in a reflectarray antenna operation. In this scenario this should be
done with a relatively small size PMSF (or reflectarray). Spillover efficiency, blockage
efficiency and illumination efficiency, can be adjusted by carefully positioning of the
feed [74,149]. Phase efficiency and polarization efficiency, can be improved by the
unit cell implementation. A smaller unit cell will generally produce smaller phase
errors and a dual polarized unit cell can eliminate polarization errors. Material
loss efficiency is embedded in the reflection coefficients in PMSF designs, since the
reflection coefficient amplitude will get reduced by the material losses in the unit cell
or even by losses in a complex load. One can improve this in traditional reflectarrays
as also in PMSFs by using high frequency low-loss substrates.

In the scenario of programmable wireless environments, the PMSF’s size is
significantly larger than traditional reflectarrays, and there is not no fix position
feed. Due to the PMSF’s main redirection operation the gain is expressed as a
fraction between the scenario where the signal would had undergoes free space loss

and redirected by a perfectly conductive spherical object. This is well known as
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bistatic radar cross section (BRCS), and it depends on the polarization and in its

matrix form reads:

A=A

BRCSyy BRCS EL? |EL]P
00 o¢ = 11’1’1 4:7—(1’2 |E56|2 |E?|2 P (712)

BRCS46 BRCS4y| ™= é ¢

[EQR |ELP

where the subscript letters 0 and ¢ in the BRCS and in the electric field (E) indicate
the polarization, and the superscript letters indicate the direction of the electric field,
s stands for scattered and i stands for incident. The illumination of the PMSF in this
case is implemented from a distance larger than the Fraunhofer distance, therefore
it can be considered in the far field and the wave incident upon the surface can be
considered a plane wave. When the PMSF is illuminated within the Fraunhofer

distance the gain obtain from the PMSF can be calculated with:

ug, ¢)
P,

where P; is the total incident power upon the PMSF and U(0, ¢) is the radiation

G(6,¢) = 4 (7.13)

intensity which is defined as:
2
U(o, ¢) = 2, IE©, o) (7.14)

The scattered efficiency of the PMSF when controlling both magnitude and

phase can be approximated with the average of the magnitude of reflection coeffi-

1 M-1N-1
Esc = —M Z Z |rmn|2- (715)

m=0 n=0

cients:

When a single beam is scattered from the PMSF all the calculated reflection coeffi-
cients have the same magnitude. For this case, if it is required to scatter only half
of the incident power (¢, = 0.5), the reflection coefficients can be normalized to
V0.5. When multiple beams are produced or a taper is applied to adjust the beams
half-power beamwidth (HPBW), the total scattered power can be approximated with
Pie.

7.4 Metasurface Synthesis Implementation

In this section, the steps taken to generate a reflected beam at a set direction
are described. The unit cell geometry reported in [141] is considered and a PMSF

consisting of NXM unit cells, as shown in Fig. 7.1. These steps are as follows:

188



CHAPTER 7. ASIC ENABLED PROGRAMMABLE METASURFACES: SYNTHESIS AND PERFORMANCE

7.4.1 Set Direction

The first step is to set a direction of the pencil beam or beams. This is done by
setting the entry values of both In, and In,. The entry values In, and In, for a given
lk direction are each a complex number with a maximum magnitude equal to one.
The rest of the (In, and In,) matrix entries where a pencil beam is not desired are set
to be equal to zero. For example, |In,(I, k)| = |In, (], k)| = 1 while the phase difference
is set tobe 90° (£In.(l, k) — 2In,(l, k) = 90°). This combination will yield a RHCP pencil
beam at the set direction. A LHCP pencil beam can also be generated by simply
switching the sign of the phase difference (ZIn.(l, k) — £In,(l, k) = -90°), while keeping
the magnitude equal (|In.(l, k)| = In, (I, k)|).

7.4.2 Computation and Realization of the Unit Cell Reflection Co-

efficients

For any given In, and In, and the incident wave direction, the computed mag-
nitude and phase for both x and y polarization reflection coefficients (r,, r,,) are
calculated according to the procedure described in Section 7.2. The magnitudes of
the reflection coefficients are not equal to unity, since the computation described in
Section 7.2 takes into account the free space losses with the use of the term i,,,.

The realization of the calculated reflection coefficients, is implemented by load-
ing each unit cell with the appropriate RC combinations. These RC combinations
are found by using Fig. 7.3 as a look-up table to map values of ., and r,, to specific
values of R and C. The reflection coefficient r,, is translated into the RC values to
be implemented by the loading elements LE; and LE; through the simulated results
of the x-polarized wave using Fig. 7.3(a) and Fig. 7.3(b). Analogously, the reflection
coefficient r,, is translated into the RC values implemented by LE; and LE, through
the simulated results of the y-polarized wave using Fig. 7.3(c) and Fig. 7.3(d).

The RC combination for all LEs doesn’t cover the complete RC range plotted in
Fig. 7.3. Instead, it only covers an area around the optimal perfect absorption RC
combination point.

Similarly, the realization of the calculated reflection coefficients (r,, and r,,) in
the manufactured prototype is implemented by programming each ASIC to bias
the corresponding LE with the appropriate biasing voltages. The correlation of the

reflection coefficient to biasing voltages is done by using the measured reflection
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Figure 7.3: Reflection coefficient magnitude and phase for LEs RC area for an incident angle of
6 = 30°. (a) Reflection coefficient magnitude, and (b) reflection coefficient phase for the x-polarized
incident wave (TM). (c) Reflection coefficient magnitude, and (d) reflection coefficient phase for the

y-polarized incident wave (TE).

coefficients as a look-up table to map values of 7, to Vri3, Vi3 Fig. 6.12, and 1, to

VR2,4, Vc2,4 Flg 6.13.

7.4.3 Metasurface Assembly

In the manufactured prototype the biasing voltages (V, V) are programmed
in the ASICs by converting them into their binary form and serially programming
them in each ASIC’s control circuit using the ASIC’s asynchronous protocol. In
simulation, the PMSF is assembled in ANSYS HEFSS to be simulated. The complete
PMSF is shown diagrammatically in Fig. 7.1, and is excited using a plane wave.
The PMSF’s unit cell details can be found in detail in Chapter 6 [141]. The LEs
in simulation are replaced with RLC boundaries. The RC values are automatically

updated in the defined RLC boundaries with the use of Visual Basic scripts.
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7.5 Metasurface Capabilities

In this section, the capabilities of the PMSF design are demonstrated in simula-
tions. In order to facilitate the simulations, the size of the PMSF is reduced to 14x14
unit cells, which is the size that could be effectively simulated using our available
computational resources. With this 14x14 unit cells PMSF, it is firstly demonstrated
that a single pencil beam can be generated in all the visible I, and In, entries. Then,
multiple pencil beams are generated, where each beam possesses its own polariza-
tion, and finally an orbital angular momentum (OAM) beam and a single pencil

beam pattern is generated simultaneously as an example of a complex wavefront.

7.5.1 Single Pencil Beam

Initially the normalization of A™" and B™" values described in Section 7.4, are
determined. This is implemented by finding the maximum equal-amplitude reflec-
tion coefficient values (A and B) that can satisfy a phase variation from - to 7 so
as to be able to perfectly satisfy the realization of the reflection coefficients without
any quantization errors found in other FPGA-based PMSF implementations, and
thus produce higher accuracy wavefronts. The accuracy of the produced wavefront
(EF(0, )) compared to the calculated wavefront (F(0, ¢).c) in this work is considered
asin [146]:

Acc=1- ﬁ Y IF(©, ) = F(O, $)eal, (7.16)

where NoP is the number of points. In Fig. 7.4 a broadside pencil beam is plotted
for a range of normalization values (A and B) ranging from 0 to 0.8, while in the
top-right insert of the same figure the BRCS in decibel per square meter (dBsm) and
the accuracy (Acc) are plotted. These are obtained by sequentially repeating the
procedure described in Section 7.4, by setting the values in the input matrices In,
and In, to produce a broadside beam. Since the simulated size of the PMSF is 14x14,
the broadside direction will correspond to the Ik entries in the input matrices, both
being equal to 7 (In.(7,7) = 1, In,(7,7) = 1). The obtained reflection coefficients will
be subsequently normalized to A and B (A X riy!, B X r}/) and in these settings we
consider an incident wave at 0 = 30°, ¢ = 0°. As canbe seen in Fig. 7.4, by increasing

the normalization values (A, B) there is an increase in the BRCS gain. This is true up

to a normalization value of 0.7, where a phase variation from —m to 7 can be satisfied.
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Figure 7.4: Total bistatic radar cross section gain (in dBsm) for a single pencil beam at broadside

generated for various normalizations values (A and B).

Beyond this, for example for a normalization value of 0.8, which is plotted with a
dashed dot blue line with ‘+” markers in Fig. 7.4, the realized reflection coefficient
errors will result in a decreased BRCS gain in the broadside direction, and partial

specular reflection at approx. 6 = —-30°.

For this simulated size of 14x14 unit cell PMSF, as can be seen in the top right
insert of Fig. 7.4, BRCS gain control can be obtained from 10.5 to -10dBsm and
a peak accuracy (Acc) of 98.5% at 0.4 normalization. Naturally, higher gain can
be obtained for a normal angle of incidence, and since the presented architecture
can be scaled to NxM unit cells, higher gain can be achieved by implementing a
larger PMSF. The accuracy in Fig. 7.4 increases from 85% to 98.5% for normalization
values ranging from 0 to 0.4. This increase is attributed to the main beam being
proportionally larger than the unwanted fields produced by the edge effects. For
larger normalization values from 0.4 to 0.6 the accuracy reduces as the increase in
reflection coefficient realization errors produces higher side lobes. Eventually, the
accuracy drops to 90% at a normalization of 0.8 when a partial specular reflection is

produced.

Table 7.1: Efficiency (&) for various normalization values of PMSF settings in Fig. 7.4.

A and B 08071061 04020

Simulated efficiency (&5, %) | 49.9|/41.3(33.3|15.44.3(04
Calculated efficiency (&g, %)) || 48.1|139.5(36.3|/16.1]4.0| O
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Figure 7.5: Produced pattern in dBsm for five separate reflected beams, together with the graphical
representation of the input matrices In, and In, in the uv coordinates in the top left inset, for five

entries in the two orthogonal planes of (a) ¢ = 0° and (b) ¢ = 90°.

The simulated scattered efficiency (&s) for various normalization values was
compared with calculated values using (7.15). In simulation these values were
obtained by integrating the real part of the Poynting vector that is normal over the
whole PMSF area in HFSS. These values can be found in Table 7.1 and they are in
good agreement with the calculated values. As it can be seen the larger implemented

reflection coefficients will result into a larger efficiency.

A single beam was produced for other directions and a normalization of 0.6 was
subsequently chosen as a compromise between accuracy and gain. The reflected
beam direction was sequentially set for k entries from 3 to 11 while keeping I constant
and equal to 7 (In,(7,3 — 11),In,(7,3 — 11)). All single beams were set to possess an
LP ([ny(7,3 — 11)| = |In,(7,3 — 11)|). These entries would translate into a single
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beam scan along the u-axis. Similarly, a sweep along the v-axis was performed by
sequentially setting !/ entries from 3 to 11 while keeping k constant and equal to 7
(IIny(3 = 11,7)] = lIn,(3 — 11,7)|). The direction of the reflected beam in spherical
coordinates (0, ¢) can be easily found by converting the [k indices direction using
(7.5) and (7.7).

The simulated results of the total reflected electric field are plotted in the two
orthogonal planes of ¢ = 0° and ¢ = 90° in Fig. 7.5(a) and Fig. 7.5(b), respectively.
In Fig. 7.5(a) five overlaid pencil beams that are set on the u-axis (¢ =0 °) are plotted.
The In, and In, entries are graphically plotted in the same figure’s top-left inset in
the uv coordinates. It should be noted that In, and In, extend outside the visible
region, which is the circular area where the magnitude of uv is less or equal to 1
1< \/m). The visible region is plotted in Fig. 7.5(a) and Fig. 7.5(b), the visible
entries are indicated with empty blue circle markers, while the entries outside the
visible region are plotted with filled blue circle markers. The entry with k=3 is
plotted with the diamond shaped marker labelled 3 in the legend of Fig. 7.5(a), and
corresponds to the beam reflected at 0 = —70.5°. The entries with k=5,7, 9 and 11 are
labelled 5-11 respectively, and correspond to beams reflected at 0 = -28.1°, 0°, 28.1°
and 70.5°, respectively. The results show that the beams can scan from 6 = -70.5°
to +70.5°, and that the magnitude of the beams follows the element factor EF curve
along 0, which is approximated with a cosine function, as shown by the black dashed
line in Fig. 7.5(a) and Fig. 7.5(b). Similarly, five entries along the v-axis (¢ = 90°) are
set to demonstrate the beam scanning capabilities of the design in this orthogonal
plane. The set entries (|In.(3 —11,7)| = |In,(3 — 11,7)|) and the scattered fields are
plotted in Fig. 7.5(b). More importantly it should be noted that the accuracy (Acc)
for all the In, and In, entries was higher than 97.6%.

This demonstration and the calculations to create a single pencil beam can also
be used as a metric on the anomalous reflection capabilities of this PMSF design
when used with this synthesis method. The procedure is similar to the redirection
of an incident wave at an angle which doesn’t follow Snell’s law in the quantized
uv coordinates. Alternatively to this procedure, optimization on the LEs” RC values
can be performed in order to obtain higher anomalous reflection efficiency (or lower
scanning losses) when the calculation time restrictions are extenuated ([95]). Lower
scanning losses can also be obtained when the size of the unit cell D is reduced, ([17])

as can be calculated by the EF term in (7.1). This unit cell size reduction will come
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with an added power requirement and cost per PMSF area.

An increase of PMSF area, assuming a constant unit cell size, would not only
provide higher directivity, but also provide more entries in the uv visible region.
More entries would provide smaller scanning angle steps that can be performed
when scanning with the presented DFT method. This can be identified in (7.7),
where M and N are in the denominator. Similarly, a smaller unit cell size will
increase the number of entries in the uv visible region. It is apparent that there is
a compromise when choosing the size and unit cell size in PMSFs when operating
with the presented DFT method. The presented method’s advantage lies in the
calculation speed when multiple pencil beams are computed, as demonstrated in

Section 7.2. Multiple pencil beam generation is demonstrated in the next subsection.
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Figure 7.6: Reflection coefficients for both x-polarization (ry,) and y-polarization (r,), calculated for
the example input matrices I, and In, and incident angle shown in Fig. 7.9. (a) Phase of the reflection
coefficient for the x-polarization /ry, in degrees, (b) magnitude of the reflection coefficient for the
x-polarization, |r|, (c) Phase of the reflection coefficient for the y-polarization /r,, in degrees, and

(d) magnitude of the reflection coefficient for the y-polarization |r,,|.
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7.5.2 Multiple Pencil Beams

More than one entry can be set in the I, and In, matrices, and each can be set to
its own polarization. In this example, three pencil beams were set simultaneously.
One pencil beam was set to be linearly polarized containing both x and y compo-
nents (|In,(6, 6)| = In,(6,6)|, £In,(6,6) — 2In,(6,6) = 0°, (u,v) ~ (=0.24,-0.24), (0, p) =
(19.5°,225°%)), the second was set to be LHCP (|[n,(8,5)] = |In,(8,5)|, 2In.(8,5) —
/In,(8,5) = -90°, (u,v) = (-0.47,0.24), (0, ¢) ~ (31.8°,153.4°)) and the third pencil
beam was set to be RHCP (|In,(8, 8)| = [In,(8,8)|, £In.(8,8) — 2In,(8,8) = 90°, (u,v) ~
(0.24,0.24), (0, ¢) =~ (19.5°,45°)). The combination of CP and LP beams is a particu-
larly useful example, since it can demonstrate not only the accuracy of the direction
and shape of the reflected beam, compared to the calculated reflected pattern, but
also the phase in the far field with the use of the axial ratio (AR) of the reflected
beam.

The calculated reflection coefficient for the x and y polarizations are plotted
in Fig. 7.6(a)-Fig. 7.6(d). The translated loading RC values for LE; and LE; can be
found in Fig. 7.7(a) and Fig. 7.7(b), while the RC values for LE, and LE4 can be found
in Fig. 7.7(c) and Fig. 7.7(d). The simulated pattern is shown in Fig. 7.8(a), which
achieved an accuracy (Acc) equal to 98.2% and an efficiency (es) equal to 12.2%. On
the same figure the set entries of the In, and In, matrices are overlaid to demonstrate
that indeed three pencil beams were generated at the set direction.

In Fig. 7.8(b) and Fig. 7.8(c) polar plots of the simulated pattern are plotted for
¢ = 45° and ¢ = 153°, respectively. In Fig. 7.8(b) the polar plot captures an LHCP
pencil beam at 0 = 19.5° and an LP pencil beam at 0 = —19.5°. At the angle where
the LHCP beam is directed, the AR is below 3dB as expected. An RHCP pencil beam
at 0 = 31.8° is plotted in Fig. 7.8(c) overlaid with the AR which is also below 3dB.

7.5.3 OAM Wavefront Synthesis

The proposed PMSF design’s ability to control both the reflection magnitude
and phase for both polarizations can be also applied to tailor arbitrary wavefronts
that are not computed with the proposed synthesis method described in Section 7.2.
Orbital angular momentum (OAM) beams can be synthesized simultaneously with
pencil beams. The reflection coefficients to generate an OAM beam at a particular

direction can be calculated using the method shown in [18,112], and similarly for

196



CHAPTER 7. ASIC ENABLED PROGRAMMABLE METASURFACES: SYNTHESIS AND PERFORMANCE

LE1 and LE3 LE1 and LE3
100
75
E
50 r:?
25
. 10
2 46 8101214 2 46 8101214
m m
() (b)
LE2 and LE4 LE2 and LE4
100
—_ 75 _
2 S
8.. 50 é‘
25
1.5 10
2 46 8101214 2 46 8101214
m m
(0 (d)

Figure 7.7: Translated LE’s resistance and capacitance values to reproduce the reflection coefficients
in Fig. 7.6. In (a) and (b) the capacitance and resistance values realized by LE; and LE3, are plotted,
respectively, and in (c) and (d) the capacitance and resistance values of LE, and LE,, are plotted,

respectively.

single beams. These calculated reflection coefficients to produce an OAM beam and
a pencil beam are then added. These resulting reflection coefficients will produce

the simultaneous pattern that contains a pencil beam and an OAM beam.

Here, an example is presented as a demonstration of arbitrary wavefront gen-
eration. An OAM beam that possesses mode equal to 1 (as in [18,112]), and has
LHCP at 9 = 20° and ¢ = 150°, is formed, together with a pencil beam at 6 = 40°
and ¢ = 270°. A plane wave excitation at 0 = 30° and ¢ = 0° is considered for

demonstration.

The calculated reflection coefficients for both x and y polarizations and the
translated RC values can be found in Fig. 7.9 and Fig. 7.10, respectively. The PMSF
was simulated in Ansys HFSS and the obtained reflected pattern can be found in
Fig. 7.11. In Fig. 7.11(a) the total BRCS is plotted in the uv coordinates, where an
OAM beam and a pencil beam can be easily identified. In Fig. 7.11(b) a polar plot
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Figure 7.8: Simulated total BRCS in dBsm. (a) The results are overlaid with three I, and In, entries
producing three pencil beams, together with the desired set direction and the incident wave direction.
In (b) and (c) polar plots of the produced pattern shown in (a) overlaid with the axial ratio (AR) and
the calculated far field for ¢ = 45°, and for ¢ = 153°, respectively.

of the total reflected electric field is plotted at ¢ = 150°, overlaid with the calculated
far field pattern using (7.1) and the simulated AR. The simulated pattern and the
calculations are in good agreement, with an accuracy (Acc) over 98.6%, an efficiency
(&5c) equal to 17.2%, and the AR of the OAM beam is below 3dB, demonstrating that
indeed the OAM beam is circularly polarized.

7.5.4 Multibeam Half-Power Beamwidth Synthesis

In this section the wavefront synthesis capabilities of the proposed design are

further demonstrated. This demonstration is done by not only adjusting the magni-
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Figure 7.9: Reflection coefficients for both x-polarization (ry,) and y-polarization (r,), calculated for
the producing an OAM beam that possess mode equal to 1 and having LHCP at 6 = 20°, ¢ = 150°
and a pencil beam at 6 = 40°, ¢ = 270° linear polarization. (a) Phase of the reflection coefficient for
the x-polarization /ry, in degrees, (b) magnitude of the reflection coefficient for the x-polarization,
[rxxl, (c) Phase of the reflection coefficient for the y-polarization /r,, in degrees, and (d) magnitude of

the reflection coefficient for the y-polarization [r,,|.

tude and the polarization of multiple pencil beams but also by adjusting the HPBW
of each beam. The HPBW for a Tshebycheff-error (®pppw) array is well known and
can be calculated with [74]:

Ouppw = 2 arcsin

2
\/ (arccos Ry)* — (arccos %) , (7.17)

where the Ry is the voltage ratio of the beam to the sidelobe level (SLL), and o7 is the

or
nDN

scaling factor:

or = N . (7.18)

Py

The constant A, is related to the voltage ratio with:

cosh (1A.) = R,. (7.19)
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Figure 7.10: Translated loading element resistance and capacitance values to reproduce the reflection
coefficients in Fig. 7.9. In (a) and (b) the capacitance and resistance values realized by LE; and LEj3,
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Figure 7.11: Simulated total BRCS in dBsm. In (a) the results are plotted in the uv coordinates. In (b)

a polar plot at ¢ = 150° of the results is plotted overlaid with the axial ratio (AR) and the calculated
far field.
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The current excitations for a one-dimensional Tschebyscheff array are well known
[150]. One can extend these excitations to a two-dimensional array, for an NxM
array, by first computing the current excitations for the N number of elements (),
which can be rows or columns, and the current excitations for the M number of
elements (a,,) which can be columns or rows. The two-dimensional array current

excitations (C,,,) can be then computed by a simple outer product operation:
Con = 0y ® Oy (7.20)

For a total number of pencil beams equal to P, the current excitation can be differ-
ent for each pencil beam produced and therefore the two dimensional array current
excitation can be symbolised as C},,. The element-wise product of the incident (i)
reflection (r,,,) coefficient matrices can be subsequently calculated using;:

P=NoB
Lyn Ymn = PB.. Ch (7.21)
p=

Z

—_

where PB!,, is the single pencil beam’s excitations. This can be easily calculated with
[74] -
PB,,, = e kom¥m, (7.22)

here k is the wavenumber and W,,, can be calculated with:
W,.. = cos(0,,,) cos (93) + sin (6,,,) sin (Qg) cos ((pg - ({)mn) . (7.23)

here, the spherical direction of each py, beam are written as Qg and qbg and the
spherical coordinates of each unit are written with 0,,,, ¢, and pp.

An example dual-beam pattern was produced where both beams” HPBW was
set at 15°. The voltage ratio (Ry) was calculated to be equal to 25.15 (or 28dB). Here
a plane wave excitation at 30° was considered, and the direction of the first beam
was set at ) = 25° and ¢ = 90°, and the second beam was set at 05 = 25° and
¢5 = 225°. The magnitude of the first and second beam was set to be equal and their
polarization was set to be LHCP and RHCP, respectively.

The calculated reflection coefficients are plotted in Fig. 7.12(a) to Fig. 7.12(d)
and the correlated LEs” RC values are plotted in Fig. 7.12(e) to Fig. 7.12(h). The total
BRCS is plotted in Fig. 7.12(i) and the simulated results show clearly two pencil
beams at the desired directions. Since two individual pencil beams with an expected

SLL equal to 28dB were produced the expected overall SLL should be at 25dB. This
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is because the sidelobes of one beam are vectorially added to the second beam’s
sidelobes. This addition, in the worst case scenario where the sidelobe addition is
constructive, this will result in the 25dB SLL.

For this 14x14 simulated PMSF the calculated SLL was not achieved, but the
produced pattern obtained an accuracy (Acc) of 96.2%, and an efficiency () equal
to 5.7%. The SLL degradation was most likely caused by the edge effects of the
PMSEF. Looking at the calculated reflection coefficients magnitude for both x and
y-polarization in Fig. 7.12(b) and Fig. 7.12(d), respectively, the unit cells at the edge
of the PMSF are set to produce a reflection coefficient of zero or a very small value.
Naturally, this can’t be achieved at edge unit cells which will cause a partial reflection
and subsequently an SLL degradation. The LHCP beam’s AR as can be seen in
Fig.7.12(j) at the direction of 25° was above 3dB, which indicates this could be affected
by the edge effects also. The RHCP pencil beam plotted Fig. 7.12(k) achieved an AR
which was also below 3dB. Fortunately, the desired HPBW was correctly set for both
pencil beams, as can be seen from the polar plots in Fig. 7.12(j) and Fig. 7.12(k), a
HPBW of 15° was achieved for both beams.

7.5.5 Discussion of PMSF’s Capabilities

In all four examples shown above, and in general for all PMSF designs, small
deviations between the calculated and simulated pattern can be attributed mainly
to the PMSF’s edge effects. The unit cells at the edge of the PMSF will not behave as
expected with the set RC values implemented by the LEs, since they are no longer
in a periodic environment. Furthermore, there could be small errors between the
calculated reflection coefficients and the ones obtained from the loading elements.
The RC combination might not perfectly satisfy each set reflection coefficient. Small
deviations from the calculated reflection coefficients in this design will contribute to
a partial specular reflection. Furthermore, simulation errors can be expected but due
to the fine resolution of R and C round-off errors are eliminated and higher accuracy
is obtained.

Looking closer to the simulated results in Fig. 7.5 and Fig. 7.8 it can be observed
that when producing multiple beams with the presented DFT method there is a
BRCS reduction, that is partially attributed to the energy being divided in various

directions. An additional loss is caused by setting the reflection magnitude of
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Figure 7.12: (a)-(d) Calculated reflection coefficients magnitude and phase to produce two pencil
beams one at 0 = 25°, ¢ = 90°, and the second beam at 6 = 25°, ¢ = 225°, with LHCP and RHCP,
respectively. The HPBW was set equal to 15°. The correlated LEs” RC values are plotted in (e)-
(h). Simulated total BRCS in dBsm, can be found in (i)-(k). In (i) the results are plotted in the uv
coordinates. In (j) and (k) polar plots comparison with calculated patterns and overlaid with the axial

ratio (AR) for angles ¢» = 90° and ¢ = 225°, respectively.
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some unit cells to a smaller value, however this is a compromise in achieving the
fastest computational times compared to other iterative methods [32, 36, 145, 146].
Alternatively, higher BRCS can be also achieved with this architecture by employing
optimization on the LEs” RC values, albeit with the associated price of additional
computation time. Fortunately, the scalability, low cost and low power achieved by
the presented architecture allows one to scale up the PMSF size compensating for
the BRCS reduction.

Larger PMSFs require higher power consumption and larger computation and
reconfiguration time, but for this architecture this are not prohibitive. Assuming
a large number of unit cells of 10,000, the presented architecture will require only
3.28 W, 10 ms to compute the reflection coefficients and 10 ms for reconfiguration
Table 6.2, values which are sufficient for use in a realistic scenario, such as the one

presented in Fig. 7.1.

7.6 Experimental Verifications

A 16x16 unit cell PMSF prototype design was manufactured, and its details can
be found in Chapter 6 ([141]). The manufactured PMSF prototype can be seen in
Fig. 7.13 in a planar near-field measurement system. The PMSF was illuminated via
an ORWG probe, while an identical probe is used to sample the near field.

The incident electric field from the probe was measured by rotating it towards
the measurement plane, and its effect on the reflected fields was compensated for
in the calculations of the reflection coefficients (7.1). The reflection coefficients were
calculated to produce a variety of far-field patterns containing pencil beams and
OAM beams. The reflection coefficients were converted into DAC input values,
which were then programmed to the individual ASICs of the PMSF.

The PMSF’s raw near reflected field (rnE,) was measured within a plane with
dimensions of 0.775 x 0.775 m?, which is located at a distance of 0.57 m vertically
above the PMSF, as shown in Fig. 7.13. In order to minimize any noise, reflections
within the near field system and any back radiation from the illuminating ORWG,
an absorber was placed above the PMSF and the plane was measured again. This
measurement using the absorber (rnE,) was subtracted from the near reflected field
(rnE = rnE, —rnE,). The near field data (rnE) was transformed to the far field using a

planar near-field to far-field method as described in Section 2.3.2.2 and [75]. Due to
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Figure 7.13: PMSF prototype in the planar near-field measurement system.

minor manufacturing imperfections the frequency of operation of the PMSF shifted
from 3.6 GHz to 3.44 GHz, which translates to roughly a 5% frequency shift [141].

For this reason, all the following measurements were performed at 3.44 GHz.

The PMSF was configured to produce a single pencil beam, multiple pencil
beams and a combination of OAM and pencil beams. The area of the near-field
measurement plane and the distance from the PMSF limits the transformed far-
tield angular range to near-broadside angles [75], hence, the generated beams were
set at angles near the broadside direction (0 < 20°). The measurements can be
seen in Fig. 7.14, plotted in the uv coordinates. An LP pencil beam was set at
the broadside direction, and the measured gain and AR can be seen in Fig. 7.14(a)
and Fig. 7.14(b) respectively. For this broadside configuration the results are also
plotted in Fig. 7.14(c) and overlaid with the calculated pattern, the far field shows a
clear pencil beam at the desired broadside direction (Fig. 7.14(a)) and an AR larger
than 3 at the same direction (Fig. 7.14(b)), which are in good agreement with the
calculations. Subsequently, two pencil beams were set, consisting of one CP beam
at 0 = 20°,¢ = 90° and one LP beam at 0 = 20°,¢p = 315°. The measured results for

this configuration can be seen in Fig. 7.14(d) and in Fig. 7.14(e), where two pencil
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beams can be easily identified at the set directions and with an AR below 2 for the
CP pencil beam. The same measurements are overlaid with the calculated pattern

in Fig. 7.14(f) and Fig. 7.14(g) for ¢ = 90° and ¢ = 315°, respectively. Finally, in
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Figure 7.14: (a), (d), (h) Measured patterns in dB, and (b), (e), (i) axial ratio (AR) plotted over the uv
coordinates for various PMSF configurations. In (a) and (b) an LP pencil beam was configured at
broadside, in (c) this results are overlaid with the calculated pattern for comparison in dB. In (d) and
(e) two pencil beams were configured, one LP and one CP, in (f) and (g) this results are overlaid with
the calculated pattern for comparison in dB, for ¢ = 90° and ¢ = 315°, respectively. In (h) and (i) one
CP-OAM beam and an LP pencil beam were configured.
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Fig. 7.14(h) and in Fig. 7.14(i) the far field pattern and the AR are plotted for a
configuration of a CP-OAM beam with mode equal to 1 and an LP pencil beam. The
OAM beam is set at the spherical direction 6 = 10°,¢p = 45°, while the LP pencil
beam is set at 0 = 20°,¢ = 215°. The AR at the direction of the CP-OAM beam is
below 2, indicating that the beam is indeed CP, while the AR at the direction of the
pencil beam is larger than 3 indicating that the beam is LP.

The far-field patterns shown in Fig. 7.14, as all measurements, are subjected to
experimental errors. Measurement errors in these far-field patterns arise from all
the steps described in the measurement procedure. These include, errors from the
reflection coefficient measurement described in Chapter 6, but also due to mechanical
positioning errors in the near-field measurement system, and a misalignment of the
illuminating ORWG probe. Despite these limitations, the abilities of the PMSF have

been effectively proven with these representative experimental demonstrations.

7.7 Conclusion

A multifunctional and reconfigurable programmable metasurface (PMSF) de-
sign that involved the co-development of low power, low-cost application-specific
integrated circuits (ASICs) has been presented. The ASICs offer an added flexi-
bility to the PMSF design. Each ASIC integrates control circuits, digital-to-analog
converters and four complex impedance loading elements. With this circuitry, the
ASIC can provide four RC load in every unit cell with seemingly continuous tun-
ing (2'° states) for all programmable resistance and capacitance elements within the
LEs range. The design can perfectly absorb TE and TM polarized waves for wide
angles of incidence, it can anomalously reflect an incident wave, and can create ar-
bitrary wavefronts. With these capabilities, the design finds applications in future
programmable wireless environments, where the PMSF can be installed in strategic
locations in order to redirect an incident wave towards a user or absorb an interfering
incident wave. Furthermore, the wavefront manipulation capabilities of the PMSF
give it the ability to be incorporated into in the transmitting antenna. In this scenario,
the antenna can create arbitrary wavefronts such as, OAM beams, and multiple pen-
cil beams, while controlling the polarization of each pencil beam. The absorbing
capabilities of the PMSF were presented and experimentally verified in Chapter 6
([141]), by obtaining the reflection coefficient of both TE and TM polarizations. Here
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in this chapter, the wavefront redirection and arbitrary wavefront generation capa-
bilities were presented and experimentally verified. Experimental verification of the
design was demonstrated with a single, dual pencil beams and a simultaneous OAM
and pencil beam generation. The computational time to calculate multiple pencil
beams was addressed in this chapter with a DFT synthesis method. The ability to
control the polarization of multiple pencil beams can prove to be useful in advance
5G telecommunication technologies, as well as future 6G technologies. The PMSF
can steer multiple beams in a programmable manner, to track multiple users in a
cellular topology. Users that can adapt their receiver to various polarizations can
take advantage of the increased signal power offered by the directed beam, but can
also benefit from increased isolation from other users that employ different polariza-
tions. This polarization agility can increase data rates in future telecommunication
technologies. Not to mention that the absorption capabilities of the PMSF design
provide the possibility of blocking individual malicious users at the physical layer,
thus increasing cybersecurity. Furthermore, the PMSF design’s dual polarization,
magnitude and phase control can be utilized in near-field generation applications

such as holography and imaging.
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Chapter 8

Conclusion

A complete design methodology leading to an experimentally validated ASIC-
equipped programmable metasurface (PMSF) design has been presented. The in-
corporation and design of ASICs in MSF designs is a challenging task that required
a multidisciplinary approach. Like any other new technology, this MSF technology
requires balancing of design performance, power consumption and cost. An exam-

ple design was presented that can arbitrarily tailor wavefronts for the near field and

far field.

8.1 Summary

In the development of this technology, a PMSF system level architecture was
developed which embeds an ASIC within each of the PMSF’s unit cells to address
power, scalability and performance constraints. The feasibility of this architecture
was presented with the exploration of three economically affordable semiconductor
processes and an example PMSF unit cell geometry. The ASICs incorporate four
complex impedance LEs, eight DACs and an asynchronous control circuit. The
performance of this design has been evaluated in view of implementing tunable
complex impedance LEs. A low cost and low power 180 nm silicon CMOS process
was selected with a nominal supply voltage of 1.8 V. This technology demonstrated
perfect absorption for TE and TM polarizations for a wide angle range at the design
frequency of 5 GHz.

This process became commercially available in the late 90s. In it’s second

decade (at the time), it's PDK became mature and stable enough to implement the
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ASIC as a system. The technology could meet the requirements of the ASIC’s sub-
components, the asynchronous circuits and the DACs, while satisfying the LEs” RF
performance. The selected technology was validated through an MPW and on-wafer
measurements. The LEs were designed with an innovative design methodology
that increases the LE’s achievable RC range and consequently improving the PMSF’s
performance. Each LE draws negligible current in the pA range, and its small
size enables it to be incorporated with the DAC and control circuit in a small die.
Therefore, the increased PMSF performance was feasible without compromising
power or cost.

A second innovative ASIC-enabled PMSF was designed with advanced func-
tionality. Its unit cell geometry was designed and optimized for multiple reconfig-
urable functions in the S-band around 3.6 GHz. The optimization was based on the
experimentally measured effective RC range of the integrated MSF LE. The unit cell’s
top textured side consists of a cross-like structure which is rotationally symmetry.
Due to this symmetry, the unit cell achieved independent and simultaneous control
of the absorption of both TE and TM polarized waves with incident angles ranging
from 0° up to 60°. With four complex impedance LEs in each ASIC, simultaneous
and independent control of both TE and TM polarizations can be achieved.

This dual polarization amplitude and phase control was utilized to produce
complex wavefronts. Complex wavefronts such as multiple pencil beams with flex-
ible polarization control. Four pencil beams were demonstrated, where each pencil
beam has a different polarization. A combination of linear, RHCP and LHCP po-
larizations was demonstrated. Furthermore, arbitrary wavefronts can be generated,
and an example consisting of OAM and pencil beam pattern was produced.

A study was conducted on the effects of mismatch on this design. The mismatch
effect was modelled as a normal distribution around the nominal or set varactor and
varistor’s RC values. A standard deviation ranging from 0% to 40% was considered.
A 0% standard deviation is the ideal case, while a 40% (o) is an extreme case, and
a standard deviation of 10% is the expected mismatch variations in commercially
available silicon technologies. For this standard deviation of 10%, the design de-
grades by 15% in its perfect absorption operation, while for dual-beam generation
the results show only a minor sidelobe level increase. These results provide the con-
fidence that manufactured PMSFs that use ASICs will perform well under normal

mismatch variations.
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The ASIC’s key sub-components were verified in a second MPW intermediate
step. After this verification, and a cautious contingency plan, eight ASICs were
formed. These eight designs were the first family of low-cost, low-power, high-
speed scalable ASICs for complex impedance adaptation at microwave frequencies.
The ASICs” were manufactured on a full wafer scale and diced. On the diced ASIC’s
pads a UBM layer was deposited on which solder ball spheres were placed. The now
WLCSP-ASICs were populated on PCBs and measured. The ASICs’ static/dynamic
power, maximum bit rate and RC range were measured. An ASIC design was se-
lected, and using its measured RC range a multifunctional reconfigurable PMSF was
designed. The design was optimized for improved magnitude, phase and incident
angle range for both TE and TM polarizations. The design was manufactured and
its magnitude and phase control were experimentally verified. Utilizing this control,
perfect absorption was demonstrated for a wide incident angle range. Furthermore,
this control was utilized for complex wavefronts generation. Complex wavefronts
such as, polarization agile multi-pencil beam patterns and a combination of OAM
and pencil beams. These complex wavefronts were experimentally verified using a
custom near field system.

With this amplitude and phase control, the design finds applications in future
programmable wireless environments. In these environments the PMSF can be in-
stalled in strategic locations, flush on the walls of surrounding buildings and can
redirect an incident wave towards a user or absorb an interfering incident wave.
Furthermore, the wavefront manipulation capabilities of the PMSF give it the ability
to be incorporated into the transmitting antenna. In this scenario, the antenna can
create arbitrary wavefronts, such as OAM beams, and multiple pencil beams, while
controlling the polarization of each pencil beam. For this scenario, the computa-
tional time required to derive the amplitude and phase distribution on the PMSF is

improved with a presented DFT synthesis method.

8.2 Contributions

The multidisciplinary work presented in this thesis has contributed to the RF-IC,
the MSF, wavefront synthesis and telecommunication areas. This new technology
had also contributions from the asynchronous control circuit and the ASIC’s net-

working, which is not included in this thesis. This thesis only focuses on the author’s
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contributions. A list of the main contributions are listed below, the contributions
are itemized starting with the bottom level contributions listed first, leading to the

system operation contributions.

¢ Loading element (LE) design [22]: The author developed the first PMSF LE

which was low cost and low power. These two requirements necessitated
the design to be implemented in an economically affordable silicon process
where it could be integrated with DACs and a control circuit. Ideally, in
order to realize high-quality RF LEs, the whole integrated circuit would be
designed in a high-frequency SiGe or GaAs process, however the large number
of integrated circuits necessary to implement a large PMSF would render the
cost prohibitively high. The design methodology of the LE reduced its losses,
pushing the capabilities of silicon to the point where its tuning range could
satisfy PMSF applications. The LE'’s size was compact enough so four LEs
could be integrated along with DACs and a control circuit in a 2 X 2 mm?
die. With four LEs integrated within the same IC, a planar MSF consisting of
exponential tapers arranged in a cross-like structure could achieve independent
and simultaneous control of the absorption of both TE and TM polarized waves

with incident angles ranging from 0° to 60° by taking advantage of the IC.

e Programmable metasurface (PMSF) architecture [107]: Utilizing the four LE

configuration as a foundation within each ASIC, the system architecture was
implemented, the theoretical and practical framework towards the implemen-
tation of ASIC-enabled PMSFs was set. The system architecture can be applied
in the future to other PMSF designs, and this is expected as more groups move

to an ASIC-based solution instead of a COTS-based architecture.

e ASIC family for PMSFs [114]: This thesis describes the process and the steps
taken to deliver the first family of ASICs that support the PMSF architecture.

This PMSF architecture utilizes the complex impedance control provided by
the LE at microwave frequencies as an enabler to countless multifunctional

PMSF designs.

e Multifunctional and reconfigurable PMSF demonstration [43-45,115,116,141,142]:

Utilizing the ASIC family, an example PMSF was manufactured and demon-

strated amplitude and phase control over both TE and TM polarizations. With
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this ability, the design experimentally demonstrated dual polarization perfect
absorption and NF and FF arbitrary wavefront synthesis with polarization
agility. The PMSF’s dual polarization, magnitude and phase control can be
utilized in near-field generation applications such as holography, imaging, in
smart indoor/outdoor wireless environments, and 5G and future (6G) base-

station applications.

e DFT multiple pencil beam synthesis [142] : Electrically large PMSFs often con-

sist of hundreds of unit cells. The computational time to derive the amplitude
and phase distribution on these planar PMSFs is significant and proportional
to the number of beams calculated. A DFT synthesis method was developed
whose computational time is not proportional to the number of beams, and

compared to other work in the literature is significantly faster.

From this short list the most important contribution was the demonstration of
the first ever multifunctional and reconfigurable PMSF. This contribution proves the
validity of the designs through experimental validation and provided final justifica-

tion. Of course this couldn’t have been achieved without the previous contributions.

8.3 Discussion and Future Work

This ambitious and multidisciplinary project, with the goal to create ASIC-
enabled PMSFs, delivered a working prototype. The prototype has increased func-
tionality over its COTS-based PMSFs counterparts, while still addressing cost, relia-
bility and scalability constraints. The prototype can control the reflection coefficients’
amplitude and phase for both TE and TM polarizations. With this control embedded
within each of the PMSF’s unit cell, the prototype can perform multiple reconfig-
urable functions and finds numerous applications. Applications in imaging, sensing
holography, indoor and outdoor smart wireless environments, arbitrary wavefront
generation just to name a few.

The presented all-round solution’s architecture is expected to be adapted in
future systems but also retrofitted into current systems, in all these applications.
MSFs are expected to reciprocally co-evolve along with all areas of science in the

near future. Similarly, integrated technologies are expected to be assimilated in all
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these PMSF designs to satisfy the growing need for increased functionality, low-
power and low-cost electronics. As the PMSFs’ functionality increases, the demand
for electronics will increase and other groups will adapt the presented architecture.

In the adaptation of the presented architecture to an application, the general
constraints (functionality, cost, reliability and scalability) can also be adapted. One
constraint can be alleviated, while the weight among others will get redistributed.
In a PMSF basestation antenna application, where the size of the planar structure is
relatively small, scalability constraints will be alleviated and the need for network-
ing within the PMSF diminished. This is not the case for all applications, for smart
wireless environment, where PMSFs cover whole walls, scalability is crucial. Fur-
thermore, in PMSF basestation antenna applications, the power consumption of the
PMSF is negligible compared to the total power of the whole RF chain, so an opted
solution might be to invest or improve in some other aspect, such as the efficiency
of the high-power amplifier.

This adaptation will spark many areas of research in all of the PMSF’s levels.

From the device level to the system level, a short list of areas of research follows:

e Integrated RF/MW components: Integrated RF and MW components come

with advantages and disadvantages. RF/MW components even in mature
semiconductor processes need improvement, and component accuracy and
reproducibility need to be addressed. Cost and sustainability is expected to
drive silicon processes to increase their cut-off frequencies. Other semiconduc-
tor process like SiGe or GaAs can potentially be adopted in PMSF designs as
they become more economically affordable. All the component in the RF-IC
designer’s arsenal will find their way into various PMSF designs depending on
the application, components like micro-electromechanical switches and schot-
tky diodes just to name a few. This arsenal is also expected to increase with
some potential candidates being memory components [151], but their devel-

opment at RF and MW frequencies is still at its infancy.

e Integrated analog and digital components: Other approaches in the digital and

analog part of the ASIC can be explored to increase speed and reduce power
consumption. Analog-to-digital converters can be incorporated within the

ASIC and provide feedback in future ASICs on the LE state.

e Three-dimensional IC: Three-dimensional IC processes can be explored as they
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become more economically viable. These processes provide the possibility to

isolate the RF substrate from the low frequency digital and analogue substrate.

e Analytical electromagnetic modelling: Analytical modelling of periodic struc-

tures like the unit cells of a PMSF become inaccurate when their complexity
increases and deviates from the well understood shapes (e.g. wires, rectan-
gular and spheres). This inaccuracy is further amplified when the unit cell is
loaded with either a time-invariant or periodical variable or even time variable
load. Analytical modelling of these electromagnetic structures in periodic and
semi-periodic environments hasn’t progressed much in the past decade. Work

in this direction will help increase the PMSF’s performance.

e Metasurface wavefront synthesis: A plethora of wavefront types have been

generated from a metasurface design. Wavefront synthesis is generally an
abstract layer that is detached from the physical layer, in this case the metasur-
face. Very little work has been done at the moment in which this layer is aware
of constraints implied by the MSF layer. An exploration of synthesis methods

tailored to the metasurface constraints can be explored.

e Smart programmable wireless environments: Smart programmable wireless en-

vironments are a relatively new concept. Its commercial implementation still

requires significant effort, which can be explored.

e Implementations in the high GHz and THz region: With the constant trend to-

wards higher operation frequency, an investigation of a PMSF operating in the

high GHz to THz region is strongly advised.

e Transparent PMSFs: Transparent to the visible electromagnetic spectrum PMSFs

are ideal for the implementation of smart programmable wireless environ-
ments, since they can occupy large surfaces without compromising windows

on building or vehicles.

These ideas are just a sample on possible courses for the continuation of this
work. The exploration in more than one area will yield a far greater improvement,
opennew roads and possibly new applications. The applications of PMSFs in all their

areas are promising, as they provide new opportunities. Already, many companies
y
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have pushed toward PMSF commercialization and the market share for PMSFs is

growing [152-156].
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Appendix A

Near Field Measurement System

The custom near field (NF) measurement system that was developed for the
experimental validation of this thesis, is briefly described in this appendix. The
system was developed to have the flexibility to perform the measurement for the
MSF prototype presented in Chapter 6 and Chapter 7.

In order to satisfy the experimental validation of the produced PMSF, the NF
measurement system needed to perform:

e Bistatic measurements, these are needed for the PMSF’s reflection coefficients
measurement, and

e Planar NF measurements, as to implement the simplest NF to FF transforma-
tion in order to obtain the produced FF complex wavefronts.

In order to incorporate some extra degree of freedom, and be able to perform more
complex measurement in the future, cylindrical and spherical NF measurements
were added. These were optional requirements on the NF system, since the PMSF
experimental validation can be satisfied without them. The bistatic measurement
for a PMSF operating at 3.6 GHz, dictated the minimum volume of the chamber.
In order to accommodate planar, cylindrical, and spherical NF measurements, five
axes of movement are needed. For the plane measurement, three axes are needed,
two for the x and ¥ movement, and one for rotating the measurement probe, as
needed to measure the two orthogonal fields E, and E, (see Fig. 2.25). This can be
implemented by a plane stage and a rotational module mounted on the plane stage.
The spherical NF measurements need also tree axes, two for a spherical movement
(0 and ¢) and one for the probe rotation (see Fig. 2.27). The probe rotation can be
shared between the planar and spherical measurement. This brings the total axes
to five. The remaining, cylindrical measurement can use one linear axis from the
planar stage for the z axis movement, and one rotation axis from the spherical stage
for the ¢ rotation (see Fig. 2.26).

A.1 System Overview

The electrical top-level diagram of the NF measurement system can be seen in
Fig. A.1. It consists of three mechanical actuator modules, a spherical stage module,
a rotation probe module, and a plane stage module. On a laptop, a control program
is executed to control these modules through a microcontroller, while collecting the
measurement points with the use of a VNA.
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Figure A.1: Top-level diagram of the custom near field (NF) measurement system.

A control function was build in MATLAB. This function was used to control a
stepper motor though a microcontroller while monitoring a HOME position with the
use of a switch. HOME alignment subroutine was developed for the initialization of
this function. This control and HOME alignment functions were used in the actuation
and HOME alignment of all the actuator modules by incorporating stepper motor,
stepper motor controller, and sensor settings as variables in the code. These variables
are used for to calculate the number of pulses needed to be sent to the stepper motor
controller in order to obtain the physical rotation or linear movement. A variable is
also used for the sensor voltage translation to its corresponding ON or OFF setting.

This control and initialization function, was first adapted to the probe rotation
module. This module is controlled by stepper motors M3, and its HOME position
is monitored by a Hall effect switch H;. The spherical stage module is actuated by
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: ‘ F Side Walls Removed |

Figure A.2: Realised custom near field (NF)-measurement system (a) with, and (b) without its side
walls.

two axes, one for 0 and one for ¢. The two corresponding stepper motors for 0 and
one for ¢ are M; and M, respectively. Their home position is monitored by two
Hall effect switches H; and H,. The plane stage movement to the x and to the y axis
direction, is actuated by stepper motors M, and My, respectively. Two switches are
used in both linear actuators to determiner their beginning and end, S; and S, for
the x axis and S; and S, for the y axis.

Two ports of the VNA are used in this NF measurement system. One is con-
nected to a ORWG, while the other is connected to the AUT. The VNA'’s settings,
like frequency range, power level, IF bandwidth etc. are controlled from the laptop.

With the control over five axes provided by the plane stage, spherical stage,
and probe rotation modules, spherical, cylindrical and planar NF scanning can
be implemented. This NF scans can be then transformed into the far field (FF)
with the use of well the NF-FF transformations methods, which were described in
Section 2.3.2.

A.2 NF Measurement System, Realization

The realised measurement system can be seen in Fig. A.2. The system stands
over 2.5 m tall, and is 1.75 m in width. In Fig. A.2(a), the front windows are open
to show the NF system’s interior, which is covered with pyramidal absorbers. The
ORWG probe can be seen in the same figure, mounted on the plane stage. The AUT
is placed below the plane stage (on the spherical stage), and is indicated in the figure.
The control program was executed on a laptop, and a bench-top power supply was
used to power the system.

In Fig. A.2(b), the system can be seen without its side walls, during its develop-
ment. In Fig. A.2(b), the spherical stage is move to the front so it can be seen clearly,
and as mentioned earlier, is where the AUT is mounted in this system. A control
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Figure A.3: Spherical stage implementation.

panel was developed and its location can be seen in Fig. A.2(b). The spherical stage
can be see in Fig. A.3, and the location of the stepper motors M; and M, is indicated.
These motors are used for the ¢ and O rotations, respectively (see Fig. A.1). The
motors are Nema23, 3.5 A, 78 mm in length, 2.2 Nm stepper motors. M; is directly
couple to the ¢ axis while M, goes to a 1:8 synchronous pulley induction. The home
switches, H; and H, can be seen in the same figure mounted on 3D printed part,
screwed on the original stage [157].

The plane stage was a generic two axes CNC stage, it was converted by mounting
on it probe stage and adding limit switches at the start and stop locations of both
axes (x and y) [158]. The x axis is actuated by a Nema24 stepper motor, while the y
axis with two Nema24 stepper motors wired to rotate in opposite directions.

The control panel houses all five stepper motor controllers and the microcon-
troller module. It can be seen in Fig. A.4(a), where the stepper motor controllers
are numbered as indicated in the top level diagram in Fig. A.1. The microcontroller
module was implemented using two ARDUINO MEGA 2560 boards, and custom
shields to connect various cables headers. The control panel can also be seen in
Fig. A.4(b) with the majority of the cables removed.

- Microcontrollers /

(b)

Figure A.4: Control panel implementation. (a) The wired control panel, and (b) wires and connectors
removed.
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Figure A.5: Designed ORWG probe geometry to operate at 3.6 GHz.

Table A.1: ORWG probe geometry parameters.

Geometric ParameterjDimension (mm)| Description
A 54 Probe Width
B 38 Probe Height
L 100 Probe Length
Py 26.5 Port Distance
Pr 16.3 Port Wire Length

A.3 Open-Rectangular-Waveguide Probe

The ORWG probe was designed to satisfy the measurements for the PMSF
prototype presented in this thesis. The PMSF was designed to operate at 3.6 GHz,
and therefore the probe needed to operate at that frequency range. The ORWG probe
was designed and optimized in ANSYS HFSS, its geometry can be found in Fig. A.5
while its geometric parameters can be found in Table A.1.

The probe rotation module is shown in Fig. A.6(a). A 3D printed housing was
implemented to mount M3, and attach to the plane stage. On the M3 motor’s axle,
a second 3D printed part was connected where the ORWG probe can be installed.
The two parts are covered with absorber sheets to reduce their reflections in the NF
system. In the same figure, the manufactured ORWG probe can be seen installed on
the probe rotation module.

The ORWG probe was manufactured with readily available copper sheets that
were cut to the right dimensions and soldered. A semi-rigid coaxial cable was used
to implement the copper wire with length P; insight the probe. The cable’s outer
conductor was striped at a length P;, and soldered at a hole that was drilled at the
center of the larger dimension of the probe A, and at a distance Pp from its back wall.

The measured S;; of the ORWG probe can be seen in Fig. A.6(b) and overlaid with
the simulated S;;. There is good agreement between measurement and simulated Sy;.
The probes lower cut-off frequency was measured at 3.1 GHz, while in simulation
it was at 3 GHz. The ORWG operates for the remaining measurement frequency
bandwidth in Fig. A.6(b), 3.1 GHz to 4.5 GHz, with an S;; which is below -10dB.
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Figure A.6: (a) Probe rotation module, and (b) measured S1; in dB of ORWG probe.
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Figure A.7: Measured and simulated electric field at z,;s = 29.3 cm for ORWG probe shown in Fig. A.6
at 3.6 GHz. The sampling steps A, and A, were set to A/4 at the higher measured frequency, 4.5 GHz.

Two “identical” ORWG probes were build for the purpose of performing a
planar NF measurement. By placing one ORWG probe in the AUT position, and a
second in the probe rotation module, the ORWG probe planar NF data was measured.
The distance of the AUT and the measurement plane was set to 29.3 cm, while the
discrete sampling steps (A, and A,) were set to A1/4 at the higher measured frequency
of 4.5 GHz. The measured two orthogonal electric field components (E, and E,) are
plotted in Fig. A.7 along with the simulated NF data. There are differences in the
measured data, which are expected and originate from the probe’s response.

This probe effect can be removed or compensated in the FF. Since both the
AUT and the measurement probe are “identical”, in this case we can adapt the
“probe-square-root” method [159] to compensate the measured FF patterns. The
simulated and measured E, and E, fields (Fig. A.7) were transformed to the FF. This
transformed FF patterns are plotted in Fig. A.8 along with simulated FF patterns.

236



APPENDIX A. NEAR FIELD MEASUREMENT SYSTEM

Measured E Sim. E , (NF-FF) Sim. E
0 0
1 1 1
o\ \
E E s E
S Tz 7 Sz
-0.5 -05
- -1
-1 05 0 05 1 -1 05 0 05 1 -1 05 0 05 1
u u
(a)
Measured E Sim. E (NF-FF) Sim. E
é 1 1 ¢ 1
0.5
E > 0' '! ’\g ’\é
S i 4 Sz J *z
-0.5 -0.5
- -1
-1 05 0 05 1 -1 05 0 05 1 -1 05 0 05 1

u u

(b)

Figure A.8: Electric field comparison between measured, simulated NF data that have been trans-
formed to the FF (NF-FF) and simulated FF data. (a) Eg, and (b) Ey, in (V/m).

In this comparison, the simulated FF are the ideal case, in the simulated NF data
that were transformed to the FF (“Sim. NF-FF”, in Fig. A.8), were truncated and
discretized. This truncaiton and discretization, is also present in the measurement,
and therefore, the “Sim. NF-FF”, aid in the evaluation of the measured FF. By
measured FF patterns, the FF pattern obtained when performing a planar NF to
FF transformation on the measured E, and E, plotted in Fig. A.7 is considered.
By plotting the simulated NF-FF we can identify the effect, or contribution of the
truncation and the discretization errors in the NF to FF transformation.

In Fig. A.8(a) and Fig. A.8(b) the normalised Eg and E are plotted, respectively.
There is good agreement in the measured FF and the simulated NF-FF patterns.
There is some discrepancy between simulated NF-FF and simulated FF data and
subsequently with the measured data. This discrepancy is mostly due to the trunca-
tion of the measurement to a finite plane area (as shown in Fig. A.7), and not to the
discetization since the sampling steps Ax and Ay were set to be well below the /2,
to avoid discretization errors (Section 2.3.2.2).

The small differences between measured and simulated NF-FF can be caused
by variations in the manufactured probe, or from the measurement set-up. These
deviations can be caused by small imperfections in the manufactured probes or
any mechanical misalignment and positioning errors, just to name a phew possible
reasons. The measurement of the probe was considered a success and the NF
measurement system functioned which was encouraging.

A.4 NF System Verification

An antenna was designed and manufactured for the purpose of being the illumi-
nator of the PMSF in various wavefront manipulation scenarios. The initial testing
of this antenna would also serve as a verification of the NF measurement system.
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Figure A.9: Antipodal Vivaldi antenna geometry.

These tests, even though they are not exhaustive to the abilities of the NF system,
they are essential, and were needed to be performed before any other measurement.
A lightweight antipodal Vivaldi antenna was chosen for this purpose [160, 161].

The antenna was designed in ANSYS HFSS, and its geometry is shown in
Fig. A.9. The antenna manufactured on a Rogers RT duroid 6202 laminate with a
thickness equal to 1.524 mm. This dielectric has a relative permittivity (¢,) of 2.9 and
a dielectric loss tangent (tan 6) equal to 0.0015. The antenna’s geometric parameters
can be found in Table A.2.

The manufactured antenna canbe seenin Fig. A.10(a). The antenna was installed
in the NF measurement’s AUT position. Its vertical distance (z,.) from the probe
was adjusted to 29.3 cm. The measured S;; of the antenna can be seen in Fig. A.10(b)
overlaid with the simulated S;;, and they are in good agreement. The measured and
simulated S;; are below -10 dB from 2.1 GHz and covers the remaining measurement
range, upto 4.5 GHz.

Table A.2: Antipodal Vivaldi antenna geometry parameters.

Geometric ParameterDimension (mm) Description
T 1.524 Substrate Thickness
L 170 PCB Length
W 72 PCB Width
Wp 3.9 Port Width
We 3.85 Corrugation Width
Ce 4.7 Corrugation Cut
Wr 6.5 Taper Width
Wg 0.15 Ground Width
Lg 2.00 Ground Length
Ry 34 Eclipse First Radius
R 40.3 Eclipse Second Radius
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Figure A.10: (a) Manufactured Vivaldi antenna installed as a AUT. (b) Measured and simulated Si;
in dB of Vivaldi antenna.

The measured electric field for both orthogonal components (E, and E, ) is shown
in Fig. A.11. The measured E, compared to the simulated E, is wider along the y
direction. This is most likely due to a manufacturing imperfection of the antenna. A
beam being narrower can be attributed to the probe effect on the NF data.

The measured and simulated data of Fig. A.11 were transformed to the FF and
the transformed data can be found in Fig. A.12, plotted over the uv coordinates.
The normalised Ey and E,; are plotted in Fig. A.8(a) and Fig. A.8(b), respectively.
Simulated FF patters are also plotted for comparison. The patterns are in good
agreement with each other.

Polar plots of the data in Fig. A.12 are plotted in Fig. A.13. The normalised Eg
is plotted in Fig. A.8(a) fora ¢ = 0°, and normalised E, is plotted in Fig. A.8(a) for

Measured |Ex| (dB) Measured |Ey| (dB)
0
0.75
~ -10
E 05
> -
0.25 20
0 -30
0 0.25 0.5 0.75 0 0.25 0.5 0.75
X (m) X (m)
Simulated |E | (dB) Simulated |E | (dB)
0 0
0 75 0 75
-10 -10
=30 -30
0 0.25 0.5 0.75 0 0.25 0.5 0.75
X (m) X (m)

Figure A.11: Measured and simulated electric field for antipodal vivaldi antenna shown in Fig. A.10.
Both orthogonal components, E, and E, are plotted. The distance was zys =29.3 cm, the plot frequency
is 3.6 GHz, and the sampling steps A, and A, are set to A/4 at the higher measured frequency, 4.5 GHz.
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Figure A.12: Electric field plots of the verification antenna. For comparison, measured, simulated NF
data that have been transformed to the FF and simulated FF data are compared. (a) Eg, and (b) E.

a ¢ = 90°. Other than the deviation of the beam at 6 = -30°, the measured data
are in very good agreement.

A.5 Discussion and Conclusion

The design and a basic verification of the custom NF system was presented in
this appendix. The system was intended to measure the PMSF prototype presented
in this thesis. Even though that the system wasn’t intended for accurate antenna
measurements, the system exceeded its expectation. The system was shown to be
able to deliver acceptable FF patterns. Furthermore, the cost of the system, is just a
fraction compared to the commercially available NF systems. The author hope this
appendix helps future researchers developed their own measurement system.

60

(a) (b)

Figure A.13: Normalised electric field plots of the Vivaldi antenna. Measured, simulated NF data
that have been transformed to the FF and simulated FF data are compared. (a) Eg, and (b) E,.
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