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SUMMARY

Passive and semi-passive backscatter communication systems such as radio-frequency
identi cation (RFID) experience several challenges that limit their proliferation especially
at microwave and millimeter-wave (mm-wave) frequencies, a consequence from the round-
trip and low-powered nature of these systems. These challenges manifest themselves in the
forms of backscatter-communication range reduction, deep spatial nulls caused by the rapid
change in the received power within a small area, or both. To overcome these challenges, a
retrodirective-array-equipped backscatter transponder (an RFID tag) is used to replace the
standard single-antenna transponder. The bene ts of using retrodirective tags are twofold:
First, since retrodirective tags that operate at microwave and mm-wave frequencies have
similar propagation properties|in terms of power losses and eld-of-view|to the current
single-antenna RFID tags, which operate at ultra-high frequency (UHF) band, the higher-
frequency retrodirective tags maintain the same coverage distance as the UHF tags and
permit faster data rates by leveraging the spectrum availability at microwave and mm-wave
regimes. Second, retrodirective tags reduce the randomness of the backscatter channel by
changing the small-scale statistical behavior of the channel from double- to single-fading
statistics, much like current one-way wireless channelsjan original contribution of this
research.

This work presents a compact, novel, and high spectral-e ciency microwave structure
using a ring-based retrodirective array. Furthermore, this research investigates, theorizes,
and measures the small-scale statistical characteristics of retrodirective backscatter chan-
nels. In fact, a two order of magnitude reduction in the channel fade margin is measured
when a retrodirective tag replaces its single-antenna counterpart|a signi cant improvement
in the reliability of the backscatter link. The analyses, results, and designs in this research
are key enablers for next-generation microwave and mm-wave, ubiquitous, and power-free

RFID and Internet-of-things (loT) systems.
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CHAPTER 1
INTRODUCTION

This chapter sheds some lights on the concept of contemporary low-power backscatter sys-
tems in general and radio-frequency identi cation (RFID) systems in particular. Therefore,
the mathematical formulas and deep-physical theories are deferred to later chapters. Par-

ticularly, this chapter addresses the following points:

~

An overview of the limitations in the current microwave and millimeter-wave (mm-
wave) backscatter systems and the major role of this dissertation in overcoming these

limitations.

A brief history of backscatter communications.

The frequency spectrum at which current and future backscatter systems can operate.
The next-generation backscatter systems.

The overall structure of this dissertation.

1.1 Overview

Current backscatter systems operate mainly in the industrial, scienti ¢, and medical (ISM)
ultra-high frequency (UHF) band; namely, at 915 MHz in the United states (US) since this
band has a rather acceptable communication distance. However, since the received power is
inversely proportional to the quadruple distance between the interrogator and transponder,
the backscatter range is further reduced when higher frequencies|such as 5.8 GHz|are
used for communications. Not only do backscatter systems in general and speci cally at
higher-frequencies su er from reduced range, but they also experience severe fading caused
by the pinhole (keyhole) nature of backscatter channels.

In the research literature, several solutions are proposed to tackle the two problems
(range reduction and severe fading) independently. For instance, Grin [1] showed theo-

retically and experimentally that deep fading nulls can be reduced with spatial diversity in



the transponder; that is, when the transponder uses two independently-signaled antennas.
He also showed a signi cant reduction in the spatial nulls when two interrogators|in con-
junction with the two-antenna transponder|applying the maximal-ratio combining (MRC)
technique are used instead of a single interrogator.

On the other hand, Koo et al. [2] showed that when the transponder is equipped
with a retrodirective array, an array in which the impinging electromagnetic waves are
re ected back towards to the direction of incidence with maximal gain, the backscatter
range increases. Not only does the array in [2] re ect the waves with maximal gain, but
it also modulates the re ected waves using quadrature phase shift keying; therefore, both
the backscatter range and spectral e ciency are increased. Another design that aims for
increasing the backscatter range appeared in the work of Marshall [3], who proposed a
beamforming antenna system that harvests power from all directions and backscatters that
power towards the direction of incidence. Compared to the work of Kocet al. [2], Marshall's
work [3] is more focused on maximizing the harvested energy for passive transponder rather
than increasing the spectral e ciency.

The solutions in [1, 2, 3] have several limitations. In fact, all of the three solutions have
a common factor; that is, the improvement in either fading reduction or communication
range (along with spectral e ciency) requires an increase in the physical dimensions of
backscatter systems. That is, the system in [2] requires variable-length transmission lines
that modulate the backscattered signal. When the modulation order is increased, one of two
problems arises: First, additional transmission lines are added to the system, which requires
proper routing and consequently increasing the physical dimensions of the transponder.
Second, when the operating frequency and modulation order are simultaneously increased,
the fabrication tolerance becomes very small since the phases of those added transmission
lines, which is a function of the transmission line electrical length, should be carefully chosen
for better signal-to-noise ratio. In addition, the technique in [1] requires adding additional
antennas on the transponder, having more than a single interrogator that are spatially apart
to ensure that the interrogators are decorrelated, or both.

This dissertation addresses and proposes a novel solution to the limits associated with

the proposed designs in [1] and [2]. That is, by using a ring-based retrodirective array on



the transponder, a performance similar to that in [2] is achieved but with a more compact
size. Not only are the physical dimensions reduced, but also the spectral e ciency is
increased while retraining a semi- xed physical size. That is, the modulation order can
be increased without changing the size of the transponder. Furthermore, the proposed
system signi cantly reduces those deep nulls observed in [1] without the necessity of adding
spatial diversity. In other words, a single, compact, and high spectral-e ciency transponder

outperforms a bulky, diversity-leveraging system.

1.2 A Brief History of Backscatter Communications

Despite the devastation that world war Il brought to humanity, it marked the rst RFID
system, known as the radar. Continuous post-war research e orts (much later) led to a
commercial implementation of the RFID technology as an anti-theft system for merchandise
[4]. With increased interest in RFID applications during the 1970s, Los Alamos scientists
Alfred Koelle, Steven Depp, and Robert Freyman presented the very rst RFID system
that uses the concept of backscatter communications proposed by Stockman [5] two decades
earlier, which occurs when the load of the tag antenna is varied [6]. In the 1980s, interest in
backscatter-based RFID systems led to the adoption of RFID technology in railcar tracking
and automated tolling systems [7]. However, the modern RFID system was not born until
near the end of the 20th century, specically in 1998 and 1999, when David Brock and
Sanjay Sarma in Auto-ID centers at MIT [8] led e orts to introduce widespread UHF RFID

in logistics. Since then, RFID technology has proliferated into applications in shipment
tracking, baggage tracking [91, remote sensing, health monitoring, vehicle trolling, and
many more.

In the 5.8-GHz ISM band, Joshua Gri n [1] led e orts in studying the communication
aspects of backscatter systems. In particular, he studied the power link budget and fading
characteristics of 5.8 GHz backscatter systems. In the realm of battery-free backscatter
systems, Matthew Trotter [11] proposed the use of an FCC-compliant multi-tone signal

that increases the peak-to-average power ratio (PAPR) of the interrogator transmitted sig-

! Aviation is a growing industry for RFID applications thanks to the International Air Transport Associ-
ation (IATA) resolution 753 [10].
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Figure 1.1: A generic structure of an RFID system (The gure is adapted from [14]
© |EEE 2019)

nal, which in turn increases the conversion e ciency|the percentage of RF power that is
converted to DC|of passive tags. The multi-tone signal, known as the power-optimized
waveform (POW), overcomes the voltage-limit of the energy harvester by transmitting pe-
riodic bursts of a high-voltage waveform. On the other hand, the use of multi-antenna
techniques at the transponder is shown in the work of Koo [2, 12] and Marshall [3]. The
former replaced the transponder single-antenna system by a retrodirective array; thus, the
re ected power by the transponder is always in the direction of the interrogator. However,
the latter used a staggered pattern technigue that steers the main lobe of the transponder

towards multiple angles, which in turn increases the harvesting power e ciency.

1.3 A Concise Overview of RFID Technology

In an abstract way, RFID systems consist of two major subsystems: The reader (interroga-
tor) and the tag (transponder) as depicted in Figure 1.1, which shows a reader sending
uncoded signals and receiving modulated backscattered signals. The data exchange mech-
anism in Figure 1.1 is very common for testing and proof-of-concept analyses; however, in
practice, the reader sends and receives modulated signal [13].
Changing the design of the reader and/or the tag would impact the overall system

performance; therefore, the following subsections brie y discuss the available variants of
the reader and tag, and pinpoint how choosing one design over others in uences the overall

system behavior.



1.3.1 Reader

The reader consists mainly of three parts: The antenna system, the RF circuitry, and
the baseband circuitry. Starting with the antenna system and referring to Figure 1.1, the
relation between the transmitting (Tx) and receiving (Rx) antenna results in three RFID
reader con gurations [15]: Monostatic (same antenna system is used for transmitting and
receiving), co-located bistatic (di erent antenna systems but they are spatially closed),
and dislocated bistatic (di erent antenna systems but they are spatially farther apart).
Choosing one of these con guration not only changes the system design, but it also changes
the statistical properties of the backscatter channel.

In most cases, the antenna system in the reader consists of a single directive or semi-
directive antenna such as [16]. Nonetheless, researchers have shown that with beam-steering
arrays, the achievable communication range can be extended. For instance, Lext al. [17]
showed that by using a modied 4 4 Butler matrix as the reader antenna system, they
achieved a 180 beam coverage with gain. Another design appeared in [18] in which the
authors designed a 4 4 phased-array antenna system based on semi-circular patch antennas.

The RF and baseband circuitry of the reader are similar to most transceiver designs.
One such example is given by [19]. However, backscatter communication adds two extra
burdens to the system: First, the carrier frequency is considered a noise source and it can
either saturate the receiver electronics or mask data signals that operate at low data rates.
Second, the reader is more sensitive to the noise than a standard transceiver since the
signal of interest is usually very weak as a result from the round-trip nature of backscatter

communications.

1.3.2 Tag

The second major subsystem in Figure 1.1 is the RFID tag, which is considerably cheaper
than the reader in commercial practice. In fact, tags can be as cheap as 7 US cents [20].

Structurally, passive tags usually consist of two parts: An antenna and an application-

2Throughout this work, the terms antenna and antenna system are used interchangeably. They both refer
to the radiating system of the reader or tag whether it is a single antenna or an antenna array. However, to
refer to a single antenna, we explicitly mention that the antenna is of a single-element type.



speci ¢ integrated circuit (ASIC). Semi-passive tags have external batteries (or energy
sources such as solar cells [21, 22]) that power up the ASIC. In both cases, the tag com-
municates with the reader by changing the antenna impedance of the tag, which in turn
changes the radar cross section (RCS) of the tag antenna. The relation between the antenna
impedance and the RCS of the tag antenna is deferred to Chapter 2.

The design of the tag antenna is of great importance; in fact, the goal of this dissertation
is to show that changing the tag antenna not only changes the tag read distance, but it
also alters the backscatter channel statistics. Furthermore, when it comes to the selection
of antenna tag type, most of UHF-based RFID tags use a variant of a meandered-dipole
antenna [23]. Nevertheless, other types of antennas appeared in the research literature such
as patch antennas [24, 25, 26] and Yagi-Uda antennas [27], to hame a few. However, antenna
arrays in UHF-based RFID tags are less common because of the large footprint of antennas

at these frequencies.

1.4 RFID Frequency Spectrum

Most RFID systems operate in the unlicensed UHF band, which in general di ers from one
country to another. For instance, in the United States; the frequency range of the UHF
band in the ISM radio bands|some of which are listed in Table 1.1]is from 902 MHz to
928 MHz, which spans a 26-MHz of bandwidth [28]. European countries, on the other hand,
have the option to use either 862-870 MHz, 915-921 MHz, or both [29].

Operating at the UHF band has two major advantages: First, this band o ers a tradeo
between antenna form-factor and backscatter read range. That is, a single antenna at both
the reader and tag can be be used to communicate over relatively long distances with a
small form-factor. Second, circuit simulation (a SPICE-based simulator yields acceptable
results), fabrication (cheap substrate such as FR4 and matching circuits made from lumped
elements), and testing are inexpensive in terms of time and cost. However, one key drawback
of operating at UHF is that the bandwidth is narrow (26 MHz at 915 MHz compared to
150 MHz at 5.8 GHz [28]).

On the other hand, operating at frequencies higher then that of the UHF band comes



with both obstacles and promises. For one, the communication bandwidth increases with
the increase in frequency. This increase has two benets for RFID systems: First, data
rate increases. Second, wider bandwidth allows a su cient spectral gap between the carrier
frequency and hardware noise, and the data frequency since|in the case of backscatter
communications|the carrier frequency is considered a major source of noise [30].

Another major advantage of operating at frequencies beyond the UHF band is that the
power received at the reader in line-of-sight (LoS) backscatter communications|ignoring
the hardware losses at the tag|is in fact higher. To explain this phenomenon, recall that

received power by any one-way wireless system has the following proportionality form:

. . Wavelength)?
Powerlieceived /'  GaiNransmitter Gamreceiver((DiStange)z); (1.1)
and the gain of the antenna also has the following proportionality form:
. Aperture Area
Galnantenna / p . (12)

(Wavelength)2®

Commonly, the antenna gain is xed with the increase in frequency; therefore, the aperture
area decreases, which results in a small form-factor antenna. However, if the aperture area
is xed, then the gain increases with the increase in frequency (decrease in the wavelength).
Therefore, the received LoS power in the latter case increases by a factor ofWavelength)?.
Furthermore, the problem of atmospheric gas attenuation [31], which is critical for radar
applications and recently becomes a big advantage for 5G cellular networks is negligible

since RFID systems are considered short-range communication systems.

1.5 Next-Generation RFID Systems

Table 1.1 showed two major advantages for operating at frequencies beyond UHF: First, the
available bandwidth increases, which enables either more channels per frequency band or
transmission at faster data rates. Second, with the exception of the 2.4-GHz band, frequency
bands become loosely regulated. These advantages in addition to researcher curiosities

stimulate research and design of RFID systems that operate at frequencies beyond UHF.
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Therefore, a recent and growing interest in RFID systems that operate above UHF appeared
in the research literature. For instance, Guidi et al. leveraged the loosely regulated 60-GHz
ISM band to design a mm-wave based RFID system that outperforms a microwave-based
ultra-wide band (UWB) system in terms of the number of pulses needed to achieve similar
reader-tag read distance [34].

Current RFID systems may not bene t directly from the bandwidth increase since the
UHF band provides an ample bandwidth for these low-rate applications. However, the long
history of innovative research tells us that the availability of technologies can stimulate
new kind of applications. For instance, without the invention of the laser, optical ber
communications would not exist. In fact, the co-inventor of the laser, Arthur Schawlow
once said:"We thought it [the laser] might have some communications and scienti ¢ uses,
but we had no application in mind. If we had, it might have hampered us and not worked
out as well" [35]. Therefore, the relationship between technologies and applications is not

always one way.

1.6 Dissertation Roadmap

The main focus of this dissertation is on backscatter systems|in generalland speci cally
RFID systems that operate at the 5:8-GHz ISM band. The results and analyses obtained in
this work can be readily extended to RFID systems that operate at other frequency bands
that are greater than 5:8 GHz. However, for frequencies below:B GHz, the extension might
not be practical because of the system physical dimensions, which is inversely proportional
to the operating frequency.

This dissertation addresses two points: First, since retrodirective arrays play a pivotal
role in backscatter systems operating at 5.8 GHz (or beyond), the type (or design) of retrodi-
rective array should be chosen to minimize both the tag power consumption and physical
dimension, and to increase the backscatter communication data throughput. Therefore, this
dissertation investigates various retrodirective arrays and proposed selection criteria with
which a system designer can choose the most suited design for the designer speci ¢ applica-

tion. Second, this dissertation theorizes and measures the small-scale fading characteristics



when a standard single-antenna backscatter tag is replaced by a retrodirective tag.
Structurally, this dissertation is divided into seven chapters, which can be summarized

as (excluding Chapter 1):

Chapter 2 derives the electromagnetic theory of backscatter communications and how
it relates to both the change in the tag antenna impedance and communication mod-

ulation schemes

Chapter 3 reviews the statistical theory of backscatter communications assuming that

the RFID tag is not equipped with a retrodirective array.

Chapter 4 reviews the electromagnetic theory of retrodirective arrays in general and
speci cally derives the retrodirectivity conditions for the antenna arrays used in this

work.

Chapter 5 derives a new small-scale fading channel model for backscatter tags equipped

with retrodirective arrays.

Chapter 6 outlines and discusses the channel-sounding measurement campaign used

to test the proposed theory in Chapter 5

Chapter 7 draws a conclusion based on the analyses and results from the previous
chapters. In addition, Chapter 7 discusses potential work that stems from this disser-

tation work.

Some of the aforementioned chapters have experiments associated with them; so, instead of
dedicating a chapter for experiments (with the exception of Chapter 6), they are embedded

within the chapters, which maintains context coherence.
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CHAPTER 2
BACKSCATTER COMMUNICATIONS

Chapter 1 states that RFID tags communicate with RFID readers using a type of com-
munications called backscattercommunications. Although not explicitly stated, the word
backscatter emphasizes two properties: First, tags areontrolled scatterers. Second, com-
munications become more reliable when the scattering electromagnetic waves are directed
back towards the source of these waves, which is in most cases the RFID reader.

This chapter investigates various aspects of backscatter communications, which can be

summarized as:

The relationship between the scattering properties of antennas and the backscattered
electric eld. In particular, the dependence of the scattered electric eld on the

antenna load impedance.

The modulation limit of passive and semi-passive backscatter systems.

2.1 From Scattering Theory to Communication Theory

The concept of backscatter communications appeared rst in the work of Stockman [5],
who showed that the modulated re ected microwave and optical power can be used to
carry information. Therefore, as the title of that paper states, communications took place
using the re ected power. The information coveyed by the re ected power is not limited to
communication applications. In fact, one of the earliest applications of backscatter power
is for eld measurements [36, 37] in which the underlying concept is that the amount of
scattered eld from resonant objects is greater than that from non-resonant objects [36].
This concept is illustrated in Figure 2.1 in which the normalized radar cross section (RCS)
of a short dipole is plotted for three cases: an open-circuit, a short-circuit, and a resonant
load.

Modern backscatter systems rely on the theory of scattered eld by the antenna, also

11
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Figure 2.1: Normalized RCS for a short dipole of lengthb normalized by the wavelength.
This gure is adapted from [36].

known as the theory of loaded scatterers. To illustrate this concept, consider the half-wave
dipole in Figure 2.2 whose terminals are connected to an arbitrary loadZ, , the scattered

complex electrical eld can be decomposed into two components [38]:

EZ)= By +| | FaE; (2.1)

structural mode antenna mode

where:
E (Z.): is the scattered eld as a function of the load impedance ¥=m).

B (Z,): is the scattered eld when the antenna is conjugate matched to the load

(V=m). This eld results from only the structure of the antenna.

E,: is the radiated eld form the antenna per unit current (Vm A)).
Z,: is the impedance of the antenna ().

| (Z,): is the conjugate-matched current at the antenna terminal (A).

12



Free Space \

Figure 2.2: A half-wave dipole connected to an arbitrary loadZ, . The circular dashed area
represents the starting points of a two-dimensional equivalent far- eld area.

. is the conjugate-matched re ection coe cient given by Equation (2.2) [39]*

Z, Z_.

= = 2.2
) (2.2)

The rst part in Equation (2.1) represents the scattered electric eld caused by the structure
of the antenna and not by the fact that the antenna is actually a radiating element. This
term carries no information other than the indication that the antenna exists, which is
useful for detection and less useful for communications. The rst term also exists for every
value of Z_ . When this term is absent, the antenna is called a minimum scattering antenna
[41, 42].

On the other hand, the second term in Equation (2.1) is directly related to the antenna
terminating impedance. Therefore, it changes when the antenna impedance changes; hence,
it can be used to backscatter information. To illustrate this with an example, consider the
antenna in Figure 2.3 and assumeN = 2; that is, two loads. The scattered electric eld

when the antenna is connected taZ; is

E(Zy)=EB(Z,)+ 4 (Z,)E:; (2.3)

11n [40], the authors use the negative of Equation (2.2); however, using either forms result in an identical
di erential RCS.

13
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Figure 2.3: A simple RFID Tag. The tag antenna connects toN distinct impedance values,
which changes the tag RCS.

and it is

E(Zy)= B(Z,)+ 5l (Z,)E:; (2.4)

when the antenna is connected toZ,, where ., are similar to in Equation (2.2) but
with Z| is replaced byZi.». If we plot Equations (2.3) and (2.4) in the complex plane and
make the E (Z,) term as the plane center, we get Figure 2.4, which is akin to the binary
phase-shift keying (BPSK) signal constellation. Therefore, by switching between distinct
impedances, the tag communicates with reader.

In general, wireless propagation is characterized by variants of Friis transmission equa-
tion [43]. Since backscatter communication is akin to the radar problem, a radar-like range
equation is used to specify the received power at the reader, which results from the backscat-
tered power by the tag. In the radar literature, the power of the received echoPgr, at the
radar antenna is (assuming free-space propagation) [44]

PrGf 2 |

Pp = ————
MCREL

(2.5)

where:

Pr: is the transmitted power (W).



Figure 2.4. A complex-plane representation of the scattered eld by an antenna. The plane
center is set to the rst term in Equations (2.3) and (2.4).

Gr: is the gain of the transmitting antenna, which is the receiving antenna.

. is the free-space wavelengthrf).
. is the target RCS (m?).

r: is the radial distance (m).

Equation (2.5), when the target is the RFID tag, is similar to that of backscatter com-
munication power link-budget formula. However, the presence or absence of the tag in

general does not convey useful information. Instead, the di erential RCS is used.

To derive the di erential RCS, , let us de ne the di erential scattered electric eld,

E , by subtracting Equation (2.4) from Equation (2.3), which yields

e =(1_1{§_2;|(_z{3)_e}: (2.6)

Term A is a function of the load and antenna impedances while ternB is a linear function

of the incident eld, B', since it is the source of excitation and inversely proportional to

15



radial distance, r . In addition, recall that the RCS is de ned as

2

rIllrln 4r . 5 2.7)

In the case of the di erential eld, E , Equation (2.7) can be rewritten as [38]

2
k1 oK 1(Z,)E
7

2

= rIllrln 4r (2.8)

Ei
Since the scatterer in this case is an antenna, can be de ned in terms of the tag antenna
gain, G; [38, 45] ; that is,

2

= 3 G2k ; K (2.9)

where 0 1, which accounts for aperture e ciency and polarization mismatch.
Therefore, substituting Equation (2.9) into Equation (2.5) yields the monostatic free-space
backscatter power link budget

PrGiG? 4 k ; k' _PrGiGE ‘M
(4r)* (4r)*

Pr = (2.10)

The bistatic case link budget is similar to that of the monostatic but G% is replaced by
Gt GR, Where G is the gain of reader receiving antenna. Furthermore, termM is known

as the modulation factor and can be written as
M=k, Lk (2.11)

The value of M ranges between 0 and 1 for tags without ampli ers; however, when the tag

is equipped with a re ection-type ampli er such as a tunnel diode [46]; M exceeds 1.

16



2.2 Backscatter Modulation

In Equation (2.11) of the previous section, the modulation factor sets an upper and lower
limit on the maximum achievable range at xed antenna gains and transmitted power.
Often, backscatter systems utilize binary modulation such as on-o keying (OOK) or binary
phase-shift keying (BPSK). The former is common amongst passive RFID tags that require
a time interval for harvesting energy. To illustrate this concept, let us assume that one of
the tag impedances (sayZi) in Figure 2.3 is an energy harvesting circuitry such as those
discussed in [47]. Therefore, the harvesting e ciency reaches its peak whe#; = Z,.
Solving for  in Equation (2.2) yields ; =0, which corresponds to a scatter electric eld
in the center of Figure 2.4. If the second impedance is a short circuit, then , = 1 and
the modulation factor M in Equation (2.11) is equal to 025. On the other hand, BPSK
iS common amongst semi-passive tags in which one impedance is a short circuit,( = 1)
and the other impedance is an open circuit, which results in , =  1; thus, the modulation
factoris M =1.

Moving beyond binary modulation requires re-de ning the modulation factor M to
account for more than two states. Therefore,M is de ned as

M =min ; 8i6jandi;j =1;:::;N: (2.12)

AR

Unlike other forms of communications, the energy in the constellation diagram is set by
the maximum value of k ; k, which is 1 for tags without re ection ampliers. That is,
the constellation points|in terms of |should lie within a unit circle in the complex
plane. This limit has a direct implication on the maximum distance between modulation
states, which is related to the signal-to-noise-ratio (SNR). In other words, when the distance
between the constellation points decreases, the SNR decreases. To better illustrate this
implications, let us assume that we have a tag with a xed antenna gain,G;, and can connect
to one of L single-pole m-throw switches (SPmT), where m is the number of modulation
states. If the reader is sending the same power for all cases, then the SNR|under m-

ary phase-shift keying (PSK)|decreases by a factor of 4sin’( =m) [48]. This reduction
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is plotted in Figure 2.5, which shows that increasing the modulation order abovem = 4
is not practical. Similarly, the SNR reduction can be observed ifm-quadrature amplitude
modulation (QAM) is used. In this case, the SNR reduces by a factor of #log,(m) 1)
This reduction is also plotted in Figure 2.5.

The RFID literature has some theoretical, experimental, and simulation-based imple-
mentations of non-binary modulation. For instance, Thomas et al. [49] experimentally
showed that 4 QAM can be implemented with various inductor-capacitor combinations.
A later implementation by the same authors appeared in [50] in which they experimen-
tally tested a 16-QAM semi-passive RFID tag. In addition, Boyer and Roy [51] dis-
cussed|theoretically|the advantage of having coded QAM. Furthermore, Ebrahimi-Asl
et al.[52] showed that when a T-match bow-tie antenna is used instead of a half-wave
dipole, a quasi 32-QAM can be implemented.

In practise, RFID systems do not have a pure OOK modulation for two reasons: First,
nding an exact matching state is near impossible since some electric eld backscatters
when the the antenna is imperfectly matched to the load. Second, a pure OOK requires a
non-zero mean baseband signal. However, RFID readers usually have DC blocks mainly for
blocking the unmodulated carrier frequency. Therefore, the mean of the baseband signal
is usually removed. As an example, we conducted two experiments, one of which the tag
implements OOK modulation while it implements BPSK in the second experiment. We
used the setup in Chapter 4 with 1 MHz square wave. In the OOK experiment, the tag
connects to an RF switch (ZFSWA2-63DR+) whose outputs are terminated with a short-
circuit and 50- load. However, the tag in the BPSK experiment connects also to the same
RF switch but the outputs of the switch are terminated with an open- and short-circuit load.
The signal constellations of these experiments are shown in Figure 2.6, which shows that
both OOK and BPSK have zero mean but the distance between the constellation points is

approximately doubled in the latter compared to the former.
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2.3 Chapter Summary

This chapter focused on several aspects of backscatter communications. The take away

points from this chapter are:

" The scattered electric eld by an antenna has two components: Structural, which
depends on the structure of the antenna, and antenna-mode, which is a function of
the antenna impedance. The structural part is mainly responsible for determining
the presence or absence of the antenna and has limited use in communications. On
the other hand, the antenna-mode scattered electric eld can be utilized for data

exchange.

The di erential RCS of the RFID tag, which results from the di erential scattered
electric eld, is a function of the antenna gain, frequency, and more importantly, the
modulation. The dependence on the modulation is characterized by the the modula-
tion factor, M, which in general has an upper limit of one. The limit is approached
when the tag switches between an open- and short-circuit load. However, the mod-
ulation factor can be greater than one if a re ection-type ampli er is used on the

tag.

RFID tags without re ection ampli ers have a tradeo between the spectral e ciency
and SNR. That is, increasing the spectral e ciency comes at the price of decreasing

the SNR. A reasonable compromise design is to use either QPSK or 4QAM.

19



I
U — PSK ||
— QAM
)
S 10 .
el «
x|
zZ | Z
n 1D 20| :
nd
zZ
wn
©  30f i
N
I
£
2 40 :
| | | | | | | |
1 2 3 4 5 6 7 8

(Bits/Symbol), log , m

Figure 2.5: Normalized Reduction is the SNR per modulation order for uncoded m-ary
PSK and QAM. The normalization is with respect to the SNR whenm = 2.

I
«OOK
*BPSK

S 34 .

E ‘e

2 0 |

2

< g

g 2

g 1 -y 1

’ ¥
2 < -
3 |

4 3 2 1 0 1 2 3 4
In-phase (mV)

Figure 2.6: Measured IQ signal constellation for an RFID tag using two modulation schemes:
OOK and BPSK.

20



CHAPTER 3
BACKSCATTER CHANNELS

In the previous chapter, several aspects of backscatter communications are discussed. This
chapter tackles the operation of backscatter systems in multipath environments. Under-
standing the operation of these systems requires a deep understanding of the electromag-
netic wave behavior in multipath scenarios. Therefore, this chapter is dedicated to reviewing
the basic physical and statistical properties of multipath propagation. In particular, this

chapter addresses the following points:

" The general mathematical form of multipath electromagnetic waves along with the

simpli ed form.

" The stochastic models of special backscatter channels.

The bounded performance of general backscatter channels.

3.1 Wireless Systems in Realistic Environments

In typical wireless scenarios, the total far- eld complex electric eld impinges upon the
receiving antenna is a combination of many complex-weighted electric eld components
having the following form [53]:

X h i

E(fit;r)= E(f;t;r;Lidexp j itk r+2 (f+f) i+VE't é; 3.1)
i=1

where:
" L;: is the overall traveled path of the i!" multipath component as in Figure 3.1. This
distance impacts the magnitude of the electric eld since it is inversely proportional
to the distance, L. In addition, using the distance, we de ne the delay of theith

component; that is, ; = Lj=¢ where c is the free-space speed of light.
"~ k;: is the it" multipath wavevector. In free space,kkik = (2 = ;). The direction of

k; depends on the the polarization of the wave and its interaction with scartterers in
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Figure 3.1: lllustration of multipath propagation. The hashed rectangles are scatterers.

the scene. However, Since Equation (3.1) has a non-zero bandwidth, a useful way to
write k; is in terms of bandwidth; that is, ki =2 (f + fc)=cKi, whereK; is the unit
vector in the direction of k;.
vi: is the velocity of the i" scatterer. The sign and the value ofv; depend on the
direction and speed of motion, respectively.
&;: represents the polarization of the electric eld. In practise & = a"+ " such
that kéjk = 1.

i is a random phase results from various processes such as transmitter frequency

synthesizer, power ampli er, to name a few.

In reality, studying individual multipath components is cumbersome and impractical. A
useful way is to de ne a stochastic local area channel (SLAC) [53] akin to the shaded circle
in Figure 3.1. Within this area, the electric eld components in Equation (3.1) are assumed
to result from homogeneous plane waves that have constant magnitude and constant phase
front; that is, E (f;t; r;Li) ! E;.

The phase component in Equation (3.1), however, is a bit complicated and necessitates
careful analyses. First, when the scatterers are stationary or slowly moving with respect to

the communication time so the channel appears to be stationary, thernv; = 0 and the time
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dependence is eliminated. In addition, when the communication bandwidth is below the
channel coherence bandwidth|de ned as the bandwidth at which the channel frequency

response is constantthentheterm2 (f+f.) ;! 0. For example, the reported coherence
bandwidth at 5:8 GHz is 96 MHz for an LoS geometry and 4 MHz for an obstructed LoS

geometry [54]. Finally, the term k; r can be expressed as [53]

p= 2 et l) (fc+f)Qi r ZfCQi re 2 Ri r

T c c
| —{z—} | —{z—}
Spatial term Spatio-frequency term

Ki

(3.2)

The spatio-frequency term becomes insigni cant when the following condition is satis ed
[53]:

fe |

L
A BW '

(3.3)

where BW is the signal bandwidth and L  is the local area size. In this work, we assume
that the size of the local area satis es the condition in Equation (3.3).

With the previous simpli cations, Equation (3.1) may rewritten as

E(r)= X Eiexp[ j( i+ ki r)lé: (3.4)
i=1
Although simple compared to Equation (3.1), Equation (3.4) is a two-dimensional equation
with respect to wave polarization and a three-dimensional equation with respect to the
spatial location. Therefore, we simplify it further by considering only the radial dimension;
thatis, r = (r;; ) ! r, where and , are the elevation and azimuth angle, respec-
tively. This simpli cation is equivalent to the dot product of the received electric eld,

Equation (3.4), with the antenna pattern factor, p(; ), [53, 55, 56]. The result of this

product is the open-circuit voltage, V¢ at the antenna terminals; mathematically,

Voc= EB(; ) p(; ): (3.5
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Therefore, we can rewrite Equation (3.4) as [53]

Voc(r) = X viexp( i); (3.6)
i=1
where the simpli ed form of the term k; r is lumped with the ; term along with dropping
the negative sign. This process is just to make Equation (3.6) and the subsequent equations
mathematically compact.

Equation (3.6) is the key equation for the subsequent analyses since it conveys all of the
multipath information needed to study the envelope distribution of the received voltage. In
addition, Equation (3.6) can be modeled as a complex random variableZ = X +jY = P\ .
The nature of this random variable is what this chapter intends to study.

The rst step in analyzing the random variable Z in Equation (3.6) is to notice that it

can be divided into the sum of random components; that is,
Voo() = 2= Zj; (3.7)

where the phase of eachz; is uniformly distributed on [0;2 ). The magnitude V; can
be either deterministic or random. However, only the multipath component that has a
variance 2 lz that is comparable to the variance of the random variableZ, which is 2 2
has an impact on the distribution of Z [57]. In this dissertation, we only consider the case
when at most one component has a variance that is comparable to that of the total sum
(i.e. one component with 2 ,2 that is comparable to 2 2). In particular, this dissertation is

interested in the following random variable [53]:

X
Vo) = Viexp§ u+  Viexp( ) =Viexp( 1)+ CN 02 ° (3.8)
Specular [:2 {z }
Di use

which is known as a uniformly distributed phasor plus a Rayleigh random variable [57].
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The envelope of this random variable has a Rician distribution; that is,

|
2 Po

f()= —exp K lg — (3.9)

22
wherelg () is the zeroth order modi ed Bessel function of the rst kind and K is the Rician

K -factor, de ned as

_ Specular Power V72
K = Diuse Power ~ 2 2 (3.10)

In the absence of the specular component, the envelope is reduced to a Rayleigh distribution.

In other words,

N

f()= —exp 52 (3.11)

In the literature, the random variable Z in Equation (3.7) is often assumed to be a
complex Gaussian random variable with non-zero mean. However, in this dissertation, we
followed the assumption in [53], which results in a completely di erent random variable. IfZ
is a complex Gaussian, therZ is not circularly symmetric and the use of Hankel transform
is not permissible [53, 58, 59]. Although both assumptions result in the same envelope
distribution, the latter is more generic and realistic. In fact, the phase randomness of the
specular component captures some drastic e ects such as the cancellation of the specular
power in the case of two-wave with di use power (TWDP) [60].

Although the previous analyses are drawn mainly from [53], re-presenting the fundamen-
tal concepts is critical for better understanding of the subsequent analyses|speci cally, in
Chapter 5|that pertain to fading in retrodirective channels. In these channels, the physics
of multipath propagation is a key factor for simplifying the derivations of the channel

stochastic model.

3.2 Backscattering in Multipath Scenarios

Backscatter systems are two-way communication systems. The rst link is from the reader

to the tag, which is called the forward link or downlink. The second link is from the tag to
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Figure 3.2: A generic RFID system. The tag antenna can be either a single element or an
array.

the reader, which is called the backward link or uplink. These links are shown in Figure 3.2.
To study the envelope statistics of the received signal at the receiving antenna of the

reader, we make the following cosmetic changes to Equation (3.6):

Voc(r) ! Vi(r); (3.12)

Vil (3.13)

where x is either T when we refer to the voltage at the tag orR when when we refer to
the voltage at the reader. Now, the open circuit voltage at the tag antenna is similar to

Equation (3.6); that is,

Vr = iexp( i) Zs: (3.14)
i=1

The backscattered voltage at the reader receiving antenna is given by

b
VR = exp( VT ZpVt: (3.15)
=

E ectively, the received voltage at the reader can be rewritten as
! !
X_ . X\I .
VR = exp( ) iexp( i) Z = 7Zpl;: (3.16)
=1 i=1

Therefore, studying spatial fading in backscatter channels is equivalent to studying the
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Figure 3.3: A signal- ow graph for backscatter channels (The gure is adapted from [14],
© IEEE 2019).

distribution of the random variable Z in Equation (3.16). The nature of this random

variable Z depends on the nature ofZ; and Zy, along with the RFID system con gurations

[15]. Overall, we have three major categories oZ each of which corresponds to a di erent
RFID system con guration.

A graphical and descriptive way of representing backscatter channels|or equivalently,
Equation (3.16)|is by using the signal- ow diagram in Figure 3.3. The tag in backscatter
systems behaves akin to a pinhole (keyhole) in which multipath components converge. This
behavior has a drastic impact on the link quality of these channels. One way to mitigate

this behavior is by introducing spatial diversity in the reader and tag [61].

3.2.1 Monostatic Channels

In this con guration, we use the same antenna for transmitting and receiving at the reader.
Therefore, the forward and backward channels are fully correlated %= 1) since they are
essentially identical. Mathematically, the received voltage at the reader is given by

N He

VR = iexp( i) zZ=2% (3.17)

i=1
The envelope distributions of Z for LoS (the underlying channel is Rician) and nLoS (the
underlying channel is Rayleigh) are listed in Table 3.1. These distributions can be easily

derived using that fact that the envelope PDF, P, is de ned as sz, where P; is the forward
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channel envelope PDF.
For the monostatic case, we can also derive the RiciaiK -factor [62, 14]. We can re-
arrange Equation (3.17) as
X 2
Vr(r)= 1exp( 1)+ iexp( n) = fexp(Z 1)+ A; (3.18)
i=2
where A is the lumped sum of the remaining N2+ N 2)=2 terms that result from the

multinomial expansion. The root mean square (RMS) power is given by

gms = Ef V(r)j2g

Ef Zexp(Z 1)+ A  Zexp( 2 1)+A g
(3.19)
4+ 2Efexp(2f A +exp( 2j ()Ag+ EfAA q
T E P 1) gz( i 1)Ag %

Specular Diuse

where Ef g is the mathematical expectation. Therefore, we can rewrite theK -factor ratio

in Equation (3.10) as

4

Kmono = ———3 L 1 (3.20)
rms 1

To nd 2., we solve the following integral:
1
—exp — K lg — d; (3.21)

which resembles the following integral:

Z,

fms = bexp( Iz (200 )d (3.22)
0

p

with =5=2, =0, =1=2 ?), b= K:(pi yand =exp( K)=(2 2). The solution

to the integral in Equation (3.22) is ([6.643.2 pp. 716] in [63])

2

G M g0 — (3.23)

_ 2
rms — FeXp

b2
2
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where M . (x) is the Whittaker function, which is related to the con uent hypergeometric

function of the rst kind, 1F1 (a;b;x), using the following identity ([9220.2 pp. 716] in [63]):

M. (x)= x "z exp % 1F1 +%;2 +1;x (3.24)
Therefore,
2 =8 *exp( K)1F1(3;1;K): (3.25)
The last step is to write 1 in terms of K and ; that is,
p___
1= 2K: (3.26)

Therefore, substituting Equations (3.25) and (3.26) into Equation (3.20) yields a monostatic

K -factor of the following form:

KZ
K = :
mone ™ 2exp( K)1F1(3;1;K) K2

(3.27)

The relationship between the monostatic RicianK -factor of a backscatter channel and
that of its underlying one-way Rician channel is plotted in Figure 3.4. In the logarithmic

scale, Figure 3.4 shows an approximate 8 dB di erence betweel and K ono.

3.2.2 Dislocated Bistatic Channels

In this case, not only the reader receiving antenna is di erent from the transmitting antenna,
but they are also spatially apart. That is, we can assume the forward and backward channels
are independent and hence; decorrelated4= 0). The separation distance at which the two
channels are decorrelated is deferred to Chapter 6.

To derive the envelope statistics of the decorrelated channels, we start with the voltage
at the reader receiving antenna. This voltage is similar to Equation (3.16) and the resulting
random variable, Z, is a product of two independentrandom variables,Z; and Z,. Although

Z; and Zp can be any two random variables that are physically possible, we only consider
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Figure 3.4. The monostatic RicianK -factor, K mono Versus the underlying channelk -factor
(This gure is adapted from [62], © IEEE 2019)

the case whenZ; and Zy have the same distribution but with di erent moments. With
such restriction, the envelope distributions of Z for LoS (the underlying channel is Rician)

and nLoS (the underlying channel is Rayleigh) are listed in Table 3.2

3.2.3 Co-located Bistatic Channels

In the case of co-located bistatic con guration, the reader transmitting antenna is di erent

from the receiving antenna but they are spatially closed. Therefore, the forward and back-
ward channels are correlated; that is, 0< % < 1. However, nding a closed form expression
for such distributions is not always feasible especially for LoS propagation in which the
underlying channels are Rician. In the case of nLoS, however, the envelope distribution is

given by [64]

()= —lo K,

f b f b(l %) f b(l %) (3.28)
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Figure 3.5: Bounded CDF for a product-Rayleigh distribution (nLoS propagation). The
shaded area represents the possible locations for the CDF of correlated channels.

3.3 A Better Way to Study Correlated Channels

In the previous section, the case of correlated forward and backward channels does not
always yield a simple intuitive distribution. Therefore, it might be practical to study the
bounded performance of backscatter systems. In the research literature, fading|in space
and time|worsens with correlation as proven by Grin and Durgin [65], and Arnitz et
al. [66]. Therefore, the best case scenario is when the forward and backward channels are
decorrelated 6= 0) while the worst case scenario is when these channels are fully correlated
(%= 1). Using this information, Figures 3.5 and 3.6 plot an upper and lower bound on the
cumulative distribution function (CDF) for the nLoS and LoS geometry, respectively.

The bounded behavior is true for any metric that depends on the PDF. For instance,
we can derive and plot the bounded behavior using the average bit-error-rate (BER) as a
function of the SNR, which is de ned as [67]

Z,
Po( )= , Pawen ( )F( ) d; (3.29)
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Figure 3.6: Bounded CDF for a product-Rician distribution (LoS propagation). The shaded
area represents the possible locations for the CDF of correlated channels.

where is the average SNR per bit, is the instantaneous SNR per bit, andPawen ( ) is
the additive white Gaussian noise (AWGN) BER, which depends on the modulation type.
Let us assume that we use BPSK, therfAlWGN = Q(IO 2 ), where Q( ) is the complementary
error function de ned as Q(y) =(2=) exp ( x?) dx. Furthermore, f ( ) can be derived

y
from the envelope PDF using the following change of variable [68]:

1 r __
f ()= ?sjf - (3.30)

The integral in Equation (3.29) is solved numerically for all of the distributions in Ta-

bles 3.1 and 3.2 and the results are shown in Figures 3.7 and 3.8 [62].
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3.4 Chapter Summary

This chapter introduced the concept of fading in wireless channels in general and speci cally,

fading in backscatter channels. The take away points from this chapter are:

Wireless signals fade with respect to time, frequency, and/or space. In particular, this
chapter focused only on spatial fading in which the transmitter, receiver, and scatter-
ers are static (stationary); and the signal bandwidth is below the channel coherence

bandwidth, known as narrowband communications.

In LoS propagation, the envelope of the received signal follows a Rician distribution

while in nLoS, the envelope follows a Rayleigh distribution.

Backscatter channels are composite channels; that is, they are made of two one-way

channels.

The envelope distribution of the received voltage at the reader depends on the the

distribution of the underlying channels as well as the RFID system con guration.

In the monostatic con guration, the forward channel is exactly the backward channel

and we say that these channels are fully correlated.

In the dislocated bistatic con guration, the forward and backward channels are decor-

related.

Backscatter link reliability decreases with the increase in the forward and backward

channel correlation.

Correlated backscatter channels under any metric are bounded by the fully correlated

and decorrelated channels.
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CHAPTER 4
RETRODIRECTIVE ARRAYS

The previous chapters presented some of the challenges associated with backscatter systems.
These challenges can be divided into two parts: Electromagnetic- and communication-based
challenges. The former refers to the reduction in the communication distance as a result
from the low backscattered power by the tag. The later, however, refers to the severe
uctuations in the received signal envelope at the reader receiving antenna.

This chapter focuses on improving the electromagnetic performance of RFID systems
operating at microwave and mm-wave frequencies using retrodirective arrays.; that is, this
chapter discusses the improvement in the range of backscatter communications when a
retrodirective tag is used instead of a single-antenna tag. In particular, this chapter ad-

dresses the following points:
" The role of retrodirective arrays in future microwave and mm-wave RFID systems.

~ The general theory of retrodirective arrays and in particular, the theory of passive

retrodirective arrays.

" The design and analysis of hybrid-based retrodirective arrays.

4.1 Ways to Increase Backscatter Range

In Chapter 2, the free-space backscatter link budget formula|given by Equation (2.10)|has
several parameters that can be controlled. The rst one is the transmitted power,Pt, which
has an upper limit set by the regulatory agencies such as the FCC in the US. The second,
third, and forth parameters are the gains of the reader transmitting antenna (Gr), the
reader receiving antenna Gr), and the tag antenna (Gy), respectively. The fth parameter

is the modulation factor, which can be set to values greater than 1 so backscatter systems
can communicate over extreme distances such 1200 meters [46]. The last parameter is the

carrier frequency (or equivalently, the carrier wavelength). If every parameter is xed but
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Figure 4.1. Maximum achievable ranges of four tags operating at @15, 24. 538, and
24 GHz. All antennas are identical with a gain of 6 dBi (i.e., Gy = Gr = G; = 6 dBi) and
the sensitivity of the reader is 90 dBm (power level below the reader sensitivity is treated
as noise) (This gure is adapted from [69];© |IEEE 2019).

the carrier frequency, the maximum achievable range versus the transmitted power for four
RFID systems operating at 0915, 24. 5.8, and 24 GHz is depicted in Figure 4.1. Therefore,
one approach to increase the communication range is to operate at lower frequencies.

Another approach is to increase the reader antenna gain€st and Gr. Such approach
requires the use of directive antennas or beamforming networks (i.e., phased arrays). In the
research literature, the use of beamforming antennas on the reader appeared in the work of
Leeet al. [17] in which a modied 4 4 Butler matrix is proposed to achieve a 180 beam
coverage with gain. Other use cases are discussed in [70, 71, 72]. In the reader, the use of
such advanced techniques is plausible since readers in general are not power-source limited
devices. However, tags have no or limited access (via batteries) to power sources; therefore,
active beamforming techniques are not feasible.

In this dissertation, we focus on nding ways by which the tag antenna gain can increase
without adhering to the fundamental antenna theory tradeo ; that is, when the antenna gain

increases, its eld-of-view narrows. When the tag is equipped with a retrodirective array,
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the impinging electromagnetic waves upon the tag are re ected where they come; that is,
the array acts as apassivebeamformer. In other words, the array re ects the impinging
electromagnetic waves back towards the direction of incidence with maximal gain. To
illustrate this impact, let us rewrite Equation (2.10) in terms of the communication range;

that is,

L€ )GR(:P;GE(: Prm (4.1)

N

where we expressed each antenna gain as a function of the elevation) (@and azimuth( )
angles, respectively. Furthermore, we can assume that = M = 1. If the tag is equipped
with an N -element array, thenG; = f (; )G¢(; ), where accounts for the array e -
ciency, f (; ) is the array angular taper, and G;(; ) the array constituent element gain.
However, when the tag is retrodirective,f (; ) = N?2. The impact of this constant taper

is depicted in Figure 4.2, which shows the same four systems in Figure 4.1 but the tags are
now equipped with N -element retrodirective arrays. For fair comparison, we x the physical
area of all tags to that of a tag equipped with a square patch antenna operating at 915 MHz.
Furthermore, Figure 4.2 shows that, contrary to Figure 4.1, ranges are comparable. In fact,
high-frequency ranges can be further increased beyond that of the 915-MHz system if the

reader is equipped with phased arrays.

4.2 General Theory of Planar Retrodirective Array

In this section, the theory of retrodirective arrays is derived using two approaches: The
rst approach uses the array factor of a uniform-linear array. The second approach treats
the N -element array as anN N system and studies the scattering matrix of that system.
Most of the derivations are adapted from [73, 74, 75, 69].

Historically, the rst retrodirective array was proposed by Van Atta [73], which was
intended to be used as radar cha since retrodirective arrays increase the RCS of the object
to which they are attached; therefore, falsifying the recorded echo [76]. Unlike radar, RFID
targets|the tags|bene t from the increase in the RCS since the communication distance

increases with the increase in the RCS.
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Figure 4.2: Maximum achievable ranges of four tags operating at @15, 24. 5.8, and 24 GHz
all equipped with retrodirective arrays. All of the reader antennas are identical with a gain
of 6 dBi (i.e., Gt = Gr = 6 dBi) and the sensitivity of the reader is 90 dBm (power level
below the reader sensitivity is treated as noise). The oor operation is used to ensure that
the physical area of the array does not exceed that of a single antenna at 915 MHz (This
gure is adapted from [69]; © IEEE 2019).
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An array becomes retrodirective if it conjugates the phase of the impinging electromag-
netic wave. This condition is equivalent to reversing the space since the radiation pattern of
an antenna (wavenumber domain) and the current distribution (space domain) are Fourier-
transform pairs. Therefore, testing whether an array is retrodirective or not is equivalent

to testing if the array conjugates the phase of the impinging waves.

4.2.1 Array Factor Approach

Let us assume that we have a linear, uniformly-spaced -element array such as those in
Figure 4.3. The array receives a two-dimensional oblique plane wave. The array factor of

such an array is

AF ()= o ape /(0 Dk dsin ] X janj; (4.2)
n=1 n=1

where a;, is the complex excitation of then™ element. Furthermore, the antenna gain,G, is
proportional to the magnitude-squared of the array factor; that is, G / k AF ( )k2. The goal
of any array is to maximize the gain at a specic angle, s, which is equivalent to nding
values under which the inequality in Equation (4.2) is an equality. In standard arrays,
this goal can be accomplished with proper phasing of the input waveform. However, in
the re ection-type array, the complex excitation coe cients are functions of the impinging

waves. Therefore, the only way to maximize Equation (4.2) at s is if
&, = a e+j(n 1)k dsin s: (4.3)

wherea is an arbitrary constant. In the case of retrodirective arrays, this maximization is
necessary for all angles that fall under the supporting angular range of the array constituent
element, [ _; y]. Therefore, the complex excitation coe cients must have the following

form:

g, = ael(n Dkdsni. gn—1-:::*N and 8;2[; ul (4.4)
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Figure 4.3: A linear, uniformly-spaced N -element array (This gure is adapted from [69];
© IEEE 2019).

The phase of the impinging wave is identical to the argument of the exponent in Equa-
tion (4.2) by antenna reciprocity. Thus, the phases of the coe cients, &, in Equation (4.4)
are the complex-conjugateto that of the impinging waves, which is the retrodirectivity

condition.

4.2.2 Scattering Matrix Approach

Another approach is to model an N -element array as anN N system|such as that
in Figure 4.4|and study the transmission or the scattering matrix of the system. Since
retrodirective arrays are re ection-based arrays, each antenna captures and re ects waves.
The re ected wave from antennai, a;out, in terms of the captured wave by antennaj, aj; in,

is given by

&1.0ut = 1181:in + 12820 + 111+ IN8N:in
&.0ut — 2181;in + 2282;in t 11+ on@N:in

(4.5)
8N:out = N18Lin t N2&2in T 1II+ NN BN:ins

where j represents the portion of the captured wave by antennaj that is re ected by

antennai. The transmission coe cients j in Equation (4.5) can be written in a matrix
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Port 1 Port 2 Port N

Feed Network

Figure 4.4: An N -port system representation of anN -element re ection-based array (This
gure is adapted from [69]; © IEEE 2019).

form as
3

2
11 12 i N
S=T=§s b ;g; (4.6)

N1 N2 ::: NN

whereT is the transmission matrix, which is identical to the array scattering matrix, S. In
the subsequent analyses, only the term scattering matrix is used.

When the array is retrodirective, the scattering matrix in Equation (4.6) is anti-diagonal.
Ideally, the anti-diagonal entries should have a unity transmission coe cient, . However,
the deviation from the ideal behavior is caused by one two reasons: First, other entries
are non-zeros. Second, the anti-diagonal entries have transmission coe cients that are less
than one. The former is caused by weak isolation of the antenna ports while the latter is
caused by the internal losses of the feed network and/or the impedance mismatch between
the antennas and the feed network. In addition, when a re ection-type ampli er is used,

the transmission coe cient can be greater than one.

4.3 Non-Planar Retrodirective Arrays

Another well-known method for implementing retrodirective arrays is proposed by Pon [75]
in which the phase conjugation property is achieved using a hetordyne technique that mixes

the input signal (from the antenna) with a signal from a local oscillator that operates at
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Figure 4.5: A four-element Pon array

twice the carrier frequency. For example, referring to Figure 4.5, if the impinging wave has

a carrier frequencyf, then the output of the mixer has the following form:

5
c
=1

|

(fos(Z ( Z(2f C)i Fos(Zf{ 5 + i;
2 " i 3 4.7)

%ﬁros(z (?£C)+ ig+?os(2f{zC i;g;

Upper sideband Lower sideband

where ; is the input phase. From Equation (4.7), the phase of the lower sideband is the
negated version of that of the input signal, which is the main property of retrodirective
arrays. Therefore, by lItering out the upper-sideband component and feeding the lower-
sideband term back to the antenna, one can get a retrodirective response from the array.
Pon arrays o er an extra degree of freedom with regards to the spatial distribution of
the array elements. In other words, unlike the elements of a Van Atta array, that of a Pon
array need not be on the same plane [75, 77]. However, the need for a mixer makes it more
di cult to overcome some of the fundamental losses associated with the mixing process such
as conversion loss and isolation. Nevertheless, several studies proposed multiple techniques
that tackle this problem. For instance, Pon in his original paper suggested the use of a
tunnel diode [75] that|if its oscillation frequency is properly locked [78]|can replace the
mixer. Also, Pobanz and Itoh [77] designed a dual-polarization Pon array with a rat-race-

based passive mixer that has conversion loss between 5-7 dB. In addition, Barbett al.
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[79] found that if a balanced harmonic mixer that operates at half of the local oscillator
frequency* is used, conversion loss is reduced to 16 dB.

Since its invention in 1964, Pon arrays are widely used for several purposes besides
increasing the backscattered power. For instance, Tuovineret al. used Pon arrays to
mitigate deep nulls in multipath environments [80]. In addition, Karode and Fusco [81]
showed that Pon arrays can be used to sense both the magnitude and phase of multipath
scatterers.

The fundamental limit associated with Pon arrays is that a mixing operation is needed
for retrodirectivity, which makes it less common in RFID systems compared to their planar,
Van Atta based counterparts. In addition, the feed line from the common double-frequency

mixer must introduce identical phase shifts in all paths.

4.4 Designing a Planar Retrodirective Array

This section focuses on the design methodology of planar retrodirective arrays, which can
be divided into two subcategories: Van Atta, and hybrid-based arrays. In fact, both cate-

gories utilize the same concept proposed by Van Atta [73]. The major distinction between
these designs lies on the feed network in which Van Atta arrays use a simple TEM mode

transmission line while the hybrid-based arrays use microwave couplers.

4.4.1 Van Atta Arrays

Van Atta arrays, hamed after its inventor L.C. Van Atta [73], are the most common retrodi-
rective arrays in practice. Theoretically, the Van Atta array conjugates the phase of the
impinging waves by connecting each symmetrical antenna pair (with respect to the array
center) with transmission lines of equal phase delay as depicted in Figure 4.6. To ensure
equal phase delay, each transmission line of aN -element Van Atta array must adhere to

the following relation:

Li=L; nm n2Z i6j (4.8)

Most of the applications of Pon arrays have two distinct frequencies for the receiving (f. f ) and
transmitting ( fc  f ) mode; therefore, the local oscillator typically operates at 2 f..
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Figure 4.6: A linear four-element Van Atta array

wherei;j =1;:::;N=2if N iseven;i;j =1;:::;(N 1)=2if N is odd; L; is the length of
the i transmission line; and |, is the transmission line wavelength. However, ifN is odd,

Equation (4.8) should be modi ed for the (N + 1) =2 transmission line. That is,
1 .
Lin+1y=2 = E(Lj Nm); Nn2Z;j=1;:::;(N 1)=2 (4.9)

Van Atta array can be also designed to achieve retrodirectivity in both the X- and y-
plane (two-dimensional retrodirective). The two-dimensional retrodirectivity necessitates
having an array that is symmetric around the array center. In addition, each element is
connected to its spatially reversal counterpart. Graphically, such a connection is shown in
Figure 4.7

In most of RFID applications, the tag is planar since planar structures are more com-
pact compared to their non-planar counterparts, which is a key feature for a widespread use
of RFID technology. Therefore, the original design, presented by Van Atta, is best imple-
mented on planar structures, which was rstly done by Chung and Chang [82] who proposed
a microstrip-based Van Atta array that is retrodirective only on the E-plane. Later, with
Tseng, they designed an array that is retrodirective on bothE- and H -planes [83].

In the RFID realm, Van Atta arrays have been widely implemented for two main pur-
poses:. modulating backscattered signals and increasing the e ciency of the energy harvest-
ing circuits. For the former purpose, Trotter et al. and Koo [84, 12] showed the possibility
of implementing a quadrature-phase shift keying (QPSK) modulation scheme using a two-
element Van Atta array in which the two antennas are switched between four transmission

lines that dier in length by ,=4. An alternative option for modulating the backscat-
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Figure 4.7: A two-dimensional 20-element Van Atta array in which every two squares that
share the same number are connected via a transmission line that adheres to Equation (4.8).
This gure is adapted from [74] and [75].
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tered signal is by using OOK, which appeared in [85] in which four ampli ers each with a
gain of 11 dB are placed along the transmission lines that connect each antenna pair of an
eight-element Van Atta array. The ON state is when the ampli ers are switched on while
the OFF state is when they are switched o . Such switching mechanism results in a power
di erence of 20 dB between the two states. OOK modulation is also implemented by Chan
and Fusco [86] in which the ON state is when the array is retrodirective (no ampli cation)
while the OFF state is obtained by terminating the transmission lines with 50- loads.

The use of Van Atta arrays for the purpose of increasing the harvested energy ap-
peared|for instancel|in [87] and [88]. In [87], Ren and Chang designed a 2 2 Van Atta
array that harvests RF energy with a conversion e ciency? of 733%. They also designed a

4 4 Van Atta array that has a conversion e ciency of 55%.

4.4.2 Hybrid BasedRetrodirective Arrays

In the research literature, two types of microwave couplers are used as a retrodirective feed
network: Branch line (90 ) and rat race (also known as ring or 180). Each type has its own
retrodirectivity conditions but they all share the same underlying concept; that is, the array
must conjugate the phase of the impinging wave. To derive the retrodirectivity conditions
for each coupler, we rely on the scattering matrix approach proposed earlier in this chapter.

Therefore, we want the scattering matrix of each coupler to be anti-diagonal.

Branch-Line-Based Retrodirective Arrays

Branch-line couplers are commonly used for power division and beamforming networks. In
fact, the well-known Butler matrix [89] is built mainly on branch-line couplers. To be used
as a retrodirective feed network, the output ports must be terminated with two loads that
have the same re ection coe cients [90].

To derive the retrodirectivity conditions, let us refer to Figure 4.8, which shows a branch-
line coupler whose input ports are connected to antennas while the output ports are ter-

minated with two loads whose re ection coe cients are 1 and . If the complex input

2 . . . _ (Recti ed Power (DC Power)) 0,
The conversion e ciency is dened as = =g rmerstes 100%.
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vector? is given by [69]

T
&nput = a exp(j 1) a exp( 2) 0 0 (4.10)
wherea is a constant magnitude then, the output complex vector is given by

Boutput = S&input ; (4.11)

where S is the scattering matrix of the branch-line coupler in Figure 4.8, which is given by

[90]
— 1 2 .
S=p58 : (4.12)

Now, if ports 3 and 4 are terminated with loads that have complex re ection coe cients,
1 and »; then, part (or preferably, most) of the waves at these ports re ect back to the

coupler. The re ected waves form a secondary source whose complex input vect@s is

given by
2 3
00 T
Bref = gboutput = 00 1y o (4.13)
0
where
2 3
0 0
Q=2 Og and 7=2 ! %: (4.14)
00 0

This secondary source, &, is fed back to the system and multiplied by the scattering

%In the derivation, we follow the convention in microwave engineering; that is, the wave that enters the
system is denoted by the letter a and the wave that leaves the system is denoted by the letter b.

4The fact that the last two entries in Equation (4.10) are zeros is because ports 3 and 4 are not connected
to antennas; hence, no input signals exist at these ports.
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Port 2 Port 4

Figure 4.8: A branch-line coupler. The coupler becomes retrodirective if 1 = 5 [90]

matrix in Equation (4.12). Therefore, the output complex vector, By, at ports 1 and 2 is

2 3

(@]

0
Dant = Séref = §2 %g &input - (4.15)

| —{z—}

Total Scattering Matrix

0

The sparsity of Equation (4.15) allows the simpli cation of the 4 4 matrixtoa 2 2
matrix of the following form:

2 3 2 32 3
gbant;lgz %2 (2 1) (14 2)ej%gga exp( 1)g:

| (4.16)
Bant 2 (1+ 2e!7 (1 2 aexp( 2

Thus, the scattering matrix in Equation (4.16) is anti-diagonal if and only if 1= 5, which
is the retrodirectivity condition for branch-line-based retrodirective arrays.

The authors in [90] presented a methodology not only for designing a two-element
retrodirective array, but also for designing anN -element array. In fact, they experimentally
showed the results for 3, 4, and 6-element array. Historically, the condition in [90] is a gen-
eralization of the two-element retrodirective array proposed by Chunget al. [91] ve years
earlier in which the two identical loads are simply re ection-type ampli ers. The authors
of [91] also showed that the proposed two-element design has return power that is5dB

more than that of a passive four-element Van Atta array. Building on the theory presented
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in [90], Hsu and Ma [92] recently implemented a four-element retrodirective array that uses
QPSK modulation scheme to backscatter data at a rate of 4 Mbps. In addition, Islamet

al. used a branch-line-based retrodirective array to increase the harvested energy [93].

Rat-Race-Based Retrodirective Arrays

Rat-race couplers [94] are also used as power dividers and can be part of a beamforming net-
work. In addition, they can be used as a retrodirective feed network [95, 96, 69]. Referring

to Figure 4.9, the retrodirectivity conditions for a rat-race-based feed network is
k itk=k 2k and \ 2=\ 1+ : (4.17)

The derivation of the retrodirectivity conditions is similar to that of the branch-line coupler
but with di erent scattering matrix. That is, the scattering matrix for the coupler in

Figure 4.9 is
1 _
S=ps8 : (4.18)

Following the same process as in the case of the branch-line coupler, the new|simpli ed|2

2 matrix is
2 3 2 32 3
gbant;lg _ ;9( 1+ e (1 2 gga exp( 1)g:

Bant:2 12 (1+ el aexp( 2)

(4.19)

Therefore, the matrix in Equation (4.19) is anti-diagonal; hence, the coupler is retrodirective
if the conditions in Equation (4.17) are satis ed. Since one of this dissertation contributions
is designing a retrodirective rat-race-based feed network, we are going to delve into the
electromagnetic characteristics of such a feed network.

The choice of the terminations in Equation (4.19) is arbitrary; however, switching be-

tween possible terminations retains retrodirectivity and allows encoding information in the
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Antenna 1

Antenna 2

2 Port 2

Figure 4.9: A rat-race coupler. The coupler becomes retrodirective if 1 = 2 [95].

phase of the re ected waves. For example, let us rst assume that 1 = 1, an open-
circuit termination, and , = 1, a short-circuit termination. Under this assumption,
bant:1 = @ exp( 2) and b2 = a exp( 1). If we ip the terminations by connecting
port 1 to a short circuit and port 2 to an open circuit, then byy.1 = a exp(j 2+ ) and
bant:2 = a exp( 1+ ). Because of the 180-phase change when the terminations are
ipped, one can implement a BPSK modulation scheme. The validation of this property
was carried out by building a rat-race coupler (pictured in Figure 4.10) operating at 5.8 GHz
and measuring its insertion 10ss,S,1, and return losses,S;;1 and S,,, for the two cases. The
magnitude and phase results, shown in Figures 4.11{4.14, concurred with the expected
theory.

We can also quantify the sensitivity of the rat-race coupler to the retrodirectivity con-
ditions in Equation (4.17) by introducing a parameter that we call the retrodirectivity-loss
factor (RLF) [96], which measures the power ratio of the diagonal terms in Equation (4.19)

over that of the o -diagonal terms. Mathematically, we can write the RLF as

2

_ 1t 2 7
RLF = 0 RLF< 1 (4.20)
1 2

A true retrodirective coupler must have an anti-diagonal scattering matrix; therefore,
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Figure 4.10: A photograph of the designed rat-race coupler (This gure is adapted from
[69]; © IEEE 2019).
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Figure 4.11: The magnitude of theS-parameters for the rat-race in Figure 4.10 when 1 =1
and 2= 1 (This gure is adapted from [69]; © IEEE 2019).
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Figure 4.12: The magnitude of the S-parameters for the rat-race in Figure 4.10 when
1= land ,=1(This gure is adapted from [69]; © IEEE 2019).
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Figure 4.13: The phases 06,; for two cases in Figures 4.11 and 4.12. The phase di erence
between the two states is 174 (This gure is adapted from [69]; © IEEE 2019).
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— 1=1and ,= 1 (Figure 4.11)
—- 1= 1land ;=1 (Figure 4.12)

@ 58 GHz

Figure 4.14: Smith chart representation of two possible terminations of ports 3 and 4 (This
gure is adapted from [69]; © IEEE 2019).

when RLF = 0, the coupler is retrodirective. Since Equation (4.17) constraints both
the magnitude and phase of the terminating loads, we can also study each constraint
separately and compare the tolerance of the design to the deviation from either con-
straint. To study the sensitivity to the deviation, we set 1 = exp( )and » =

exp(( + + ))|where and are arbitrary magnitude and phase, respectively;
and and are arbitrary magnitude and phase deviation, respectively|then, we can
rewrite Equation (4.20) as

1+ el @+ )

The heat-map in Figure 4.15 shows that the rat-race coupler is more sensitive to the phase
deviation than it is to the amplitude deviation.

Finally, we carried out an open-range experiment on the rooftop the Van Leer building
to study the di erential radar cross section (RCS) using two modulation schemes, OOK
and BPSK. The experimental set-up is shown in Figure 4.16 and the speci cations are

listed in Table 4.1. The main goal of these experiments is to compare both the beamwidth
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Figure 4.15: A heat-map representation of Equation (4.21) as a function of amplitude
and phase deviation, and , in dB scale. Small values (in dB) of RLF occur when
Equation (4.20) approaches zero (This gure is adapted from [96]© IEEE 2018).

and magnitude of the di erential RCS of a rat-race-based (retrodirective) tag to that of a
standard single-antenna tag. In all of these experiments, the response that is recorded is the
observed complex insertion lossS;1, in the vector network analyzer (VNA). In addition,

the measurement campaign comprises four experiments:

1. Measuring the response with no tags. The data from this measurements are used for

background subtraction.

2. Measuring the RCS of a well-known target, which is used to calibrate the measure-

ments. In this experiment, the calibration targets are a sphere and a metallic plate.
3. Measuring the RCS of the retrodirective tag using the permutations listed in Table 4.2.

4. Measuring the RCS of the single-antenna tag using also the permutations listed in

Table 4.2.

The measuredS;; is then coherently subtracted from the the background data, which re-

duces the noise, and scaled by the channel gain obtained from the measured response of the
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Table 4.1: The speci cations of the open-range experiment in Figure 4.16

Speci cation Value
Transmitted power 25 dBm
Frequency span (3:8 7:8) GHz
Separation distance €) 1:22m
Angular span 90 to 90
Target height 1.73m

known targets.

In all of these experiments, the recordeds,; response is time-gated. That is, the recorded
Sp1|which is a frequency-domain quantity|is transformed to the time domain using com-
plex IFFT. The time-domain signal is then gated by zeroing out all the values after the
desired echo. Then, the gated, complex, signal is transformed back to the frequency domain
using FFT and then used for the analyses [96]. Furthermore, the processed data is averaged
over the beamwidth of the antenna to obtain the signal constellations in Figures 4.17 and
4.18. The former is for the case of BPSK while the latter is for the OOK scenario. In
both cases, the theoretical ratio between the constellation points should be 2; however, the
measured ratios are 183 and 179 for BPSK and OOK modulation, respectively.

The technique used in this experiment campaign is background subtraction with time
gating. However, the use of this technique requires operating at lower frequencies or con-
ducting the experiments in an anechoic chamber. The reason behind these requirements is
that the technique is coherent, which requires both magnitude and phase calibration. In
propagation theory, a slight movement does have a negligible impact on the magnitude but
might have a severe impact on the phase; therefore, a ecting the system coherence. For
instance, at 5.8 GHz|which is the frequency at which these experiments are conducted|a
slight movement of 0.5 cm has a 70 round-trip phase error. Therefore, lowering the fre-
guencies reduces the phase error. Also, conducting the experiments in an anechoic chamber

reduces the problem of the target movement since the main cause for such movement is
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Figure 4.16: (a) The experimental set-up used to test the dierential RCS of the rat-
race-based retrodirective array. (b) and (c) are front and back photograph of the set-up,
respectively.
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Table 4.2: Termination con gurations used for the measurements

Modulation Tag Type Port 1 Port 2 Name
Open Short Open-Short
Retrodirective
Short Open Short-Open
BPSK
Open - Open
Single Antenna
Short - Short
Open Short Open-Short
Retrodirective
Short Short Short-Short
OOK
Open - Open
Single Antenna
Load - Load
0:8 T T T T T
0:6| -
—~ 04r -
[
S 02f .
()
5 0f f
[<
S 0:2 | -
8 04l -@- Open-Short Retrodirective ||
) —~@- Short-Open Retrodirective
06| Open single ||
® ¢ —4- Short single
08 | | | | |
1 0:5 0 0:5 1

In-phase (Volts)

Figure 4.17: BPSK normalized constellation from the measurements using the terminations
in Table 4.2 (This gure is adapted from [96], © IEEE 2018).
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Figure 4.18: OOK normalized constellation from the measurements using the terminations
in Table 4.2 (This gure is adapted from [96], © |IEEE 2018).

the wind. Nonetheless, averaging the measured data over the target beamwidth yields

a-close-to-theory performance.

4.5 Comparisons Between Van Atta and Hybrid-Based Arrays

A standard Van Atta array is relatively easy to design and implement as long as the condi-
tions in Equations (4.8) and (4.9) are satis ed. However, Van Atta arrays have two major
limitations. In order to study these limitations, this section compares a printed Van Atta
array such as those in [82] and [83] to the rat-race-based retrodirective array in [69]. The
following comparisons are also true if a branch-line coupler is used instead of a rat-race
coupler but with slight modi cations as a result from the di erence in the retrodirectivity
conditions.

The rst point of comparison is the tradeo between compactness and spectral e ciency.
That is, to modulate the retrodirectivity in a standard Van Atta array with PSK, m extra
transmission lines must be added, wheran is the modulation order. The electric length
of those transmission lines must dier at least by a factor of ,,=m. For example, to
implement QPSK, the modulation order is m = 4 and four transmission lines should be

connected between each antenna pair. In addition, two SP4T switches are needed for
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Figure 4.19: A two-element Van Atta array that implements QPSK (This gure is adapted
from [12]).

SP4T

SP4T

Table 4.3: Load values for a QPSK retrodirective rat-race coupler at 5.8 GHz.

State 1 2 Z1 () Z3 ()
1 1+j0 1+j0 1 0
2 1+j0 1+j0 0 1
3 0+ 0 j j50 (L =1:4nH) j50 (C = 0:5 pF)
4 0 j 0+ j50 (C=0:5pF) | j50 (L =1:4nH)

switching between these four transmission lines, which is equivalent to switching between
four distinct modulation states. This design is proposed Kooet al. [12, 2] and depicted in
Figure 4.19. If higher-order modulation is desired, then more transmission lines must be
added, which yields an impractical tag size. On the other hand, high-order modulation in
the case of rat-race-based retrodirective arrays requires only distinct terminations, which
can be any combination of passive circuit elements such as capacitors and inductorsjmuch
like the terminations in [50]. For example, Table 4.3 lists the required load terminations
for implementing QPSK at 5.8 GHz [95]. To implement higher-order modulation schemes,
extra surface-mount passive components are needed, which are signi cantly smaller in size
compared to extra transmission lines.

The second point of comparison is that unlike rat-race-based retrodirective arrays, Van
Atta arrays are not compatible with re ection-type ampli ers such as tunnel diodes. The

absence of this compatibility stems from the fact that re ection ampli ers should connect
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to a single circuit port in which the re ected waves from that port are ampli ed. To inves-
tigate the implication of this compatibility, let us assume that we have two identical tunnel
diodes similar to the tunnel diode in [97], which has a modulation factor ofM = 38 dB
(approximately, M = 6300 in linear scale). Then, referring to Figure 4.9, if one of these
diodes is connected to port 3 and the other is connected to port 4 but that port is extended
by a =4 to ensure a 180 phase shift between these two ports, then one of two things
can be achieved: First, if the modulation is BPSK, then the tag with a tunnel diode has a
communication range that is 10 times that of a BPSK tag without a tunnel diode. Second,
following the discussions in Chapter 2, we can implement higher-order modulation schemes
without compromising the SNR of the system since the distance between modulation states
are not restricted by the maximum value of the passive microwave structures re ection co-
ecient, = 1. In fact, is much greater than one so that the modulation factor M s

greater than one.

4.6 Experimental Comparison Between Hybrid-Based Retrodirective Arrays

In the previous section, the design methodologies of hybrid-based retrodirective arrays are
discussed. The previous section also shows that obtaining a clean di erential RCS is not fea-
sible with time-gating and background subtraction technique, which is afrequency-domain
technique. This section, however, focuses on a time-domain technique using a coherent ho-
modyne transceiver (reader). Most of the results and discussions in this sections are drawn
from [98]. In all of these experiments, the beamwidth of the normalized di erential RCS of
retrodirective tags (rat-race- and branch-line-based tag) is compared to that of a standard
single-antenna tag. In other words, the latter is used as a baseline. The tag and reader are

placed a meter part.

4.6.1 RF Structures

The three antenna systemsi|single antenna, branch-line-based retrodirective array, and
rat-race-based retrodirective array|are simulated using several iterations on both Ansys

HFSS and Keysight ADS in which both the circuit and momentum solver are used.
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Figure 4.20: S;1 of the single antenna (This gure is adapted from [98];© IEEE 2019).

Then, the antenna systems were built onRogers 4003C substrate|which has a dielectric
constant, , of 3:38 |using the LPKF machine in the Georgia Tech Interdisciplinary Design
Commons (IDC). The antenna systems are pictured in Figures 4.20{4.22 as insets to their
corresponding scattering parameter plots. The antenna system schematics and layouts are

discussed in Appendix D.

4.6.2 RF Modulators

Backscatter modulation takes place using two RF switches that switch between a short-
circuit and 50- load. Thus, the modulation scheme is OOK and the theoretical modulation
factor M from Equation (2.11) is 0:25 or equivalently 6 dB. However, for the switch
components used in this experiment, the actual modulation factor is not similar to the
theoretical one. The exact modulation factor depends on the switch part, which is aini-
Circuits ZFSWA2-63DR+, and the antenna impedance.

To derive the modulation factor from the measured data, we use the measured complex-

valued S;; and Sp,. Starting with the RF switches, the measured S;; = | is de ned
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