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Backscatter modulation is the keystone behind the technical and commercial success of
Radio Frequency IDentification (RFID) in applications that require fast, efficient, and au-
tomatic identification of tagged objects. Owing to RFID’s ultra low cost and low power
attributes, wireless sensor networks (WSNs) and other biological/physiological sensing ap-
plications now use backscatter modulation as a communication link. These systems build
upon existing RFID industry protocols such as ISO 18000-6C (or EPC Gen2).

RFID tags do not use an active RF transceiver architecture, but instead operate on
a principle similar to RADAR. A nearby RFID reader transmits a continuous wave that
the tag’s antenna partially scatters back to the reader’s antenna array. By switching its
antenna impedance loading between different values, the tag modulates the antenna scat-
tering observed by the reader. Therefore reverse engineering RFID at the systems level will
provide new insights and design recommendations. This dissertation focuses on three key
areas relating to backscatter modulation and RFID systems: 1) analyze the co-design of
backscatter modulation and error correction coding, 2) characterize space-time coding and
MIMO performance limits of the dyadic backscatter channel, and 3) hybrid-ARQ (HARQ)
and random access improvements to the Gen2 protocol.

Passive and semi-passive RFID tags depend on scavenged energy to power their IC. While
backscatter modulation itself consumes a negligible amount of energy, the modulator creates

an impedance mismatch between the tag’s antenna and power harvester, thereby decreasing






the antenna to the tag power transfer efficiency. This required impedance mismatch couples
the link performance to the power harvester’s performance, so to quantify this tradeoff, we
introduce a new metric: backscatter power efficiency loss per bit. Higher order constellations
improve the link’s spectral efficiency, but have lower power efficiency as compared to binary
modulation schemes. We propose new coded modulation schemes based on unequal error
protection, which improves both the spectral efficiency and the backscatter power efficiency

loss metric.

MIMO processing is a canonical technique to improve wireless link capacity and reli-
ability, which will require future tags and readers to have multiple antennas. The dyadic
backscatter channel (DBC) models the behavior of small-scale fading in RFID MIMO sys-
tems, however, its statistics differ from those of the classic Rayleigh fading MIMO channel.
We analytical characterize the performance of space-time trellis codes and orthogonal space-
time block codes, derive an upper bound to the pairwise error probability (PEP), and derive
the maximum diversity order of the DBC. Unlike Rayleigh fading, the diversity order only

depends on the number of tag antennas but not the number of reader receive antennas.

In fading channels, MIMO techniques offer two opposing performance gains: diversity
(reliability against outage events) or multiplexing gain (spectral efficiency). The diversity
multiplexing tradeoff (DMT) is an asymptotic measure that quantifies the achievable di-
versity for a given multiplexing gain. Starting from the definition of the DBC and the
DMT of the double scattering channel, the corresponding DMT of the DBC is derived. The
statistics of the DBC limit the amount diversity when compared to the Rayleigh MIMO
channel, although the available multiplexing gain is unchanged. Increasing the number of
receive antennas improves both diversity and multiplexing gain until the receive antenna
count equals the number of tag antennas, otherwise additional receive antennas offer no

gains with respect to the DMT.

The current EPC Gen2 standard does not use any form of error correction and does
not allow for fast link adaption between reading separate tags. We consider a protocol that

uses HARQ algorithms without requiring major changes to the Gen2 protocol. In addition,






we develop theoretical models that capture EPC Gen2’s baseline performance and capacity
in terms SNR and tag read rate. Existing HARQ algorithms, such as Chase combining
(CC) and incremental redundancy (IR), are studied via simulations and the performance
quantified in terms of tag read rate. The simulation results show that CC allows for graceful
system degradation and IR achieves read rates close to EPC Gen2’s capacity limit.
Random access plays a critical role in RFID tag singulation. EPC Gen2 uses frame slot-
ted ALOHA (FSA) to arbitrate channel resources between tags, but FSA has low efficiency
due to empty slots and collisions. To aid in tag collision resolution, we consider multiuser
detection (MUD) and incremental redundancy enhancements to the FSA protocol. The the-
oretical performance of the MUD receiver is analyzed from a compressive sensing viewpoint.
As an example of a practical code construction, we evaluate the performance of punctured
second order Reed Muller codes. These enhancements improve FSA’s throughput and its

response to high system loads.
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Chapter 1

INTRODUCTION

1.1 Background & Motivation

Radio Frequency IDentification (RFID) is a short-range wireless communication technology
for reading data, such as an electronic product code (EPC), stored on a RFID tag affixed
to objects [2]. The vision for RFID is the fast, efficient and automatic reading of numerous
tagged items by a RFID reader. A typical RFID tag consists of a flexible antenna attached
to an integrated circuit (IC), which is typically mounted on a flexible substrate (e.g. an
adhesive plastic strip), although in contrast, a RFID reader is capable of sophisticated signal
processing and has a dedicated power source. Today, RFID technologies have proliferated
into multiple commercial sectors, such as logistic, retail (anti-theft), and automatic road
tolling [3]. As an example of how people interact with RFID technology on a daily basis,
the tolling system installed on the SR-520 bridge across Lake Washington, WA utilizes
RFID tags to identify crossing cars. These applications are enabled by battery-free or
passive RFID tags and low-cost fabrication of the tag’s integrated circuit (IC) [4].

Unlike other wireless transmitters, a class of RFID tags are entirely passive from an
energy point of view. To read a passive tag, the RFID reader 1) illuminates the tag with
a RF signal, 2) sends an interrogation command to tag for it to respond, and 3) listens
for the tag’s response. A passive RFID tag utilizes the RF signal generated by the RFID
reader both as an energy source and for uplink communication from the tag to the reader.
A rectifier circuit converts the RF signal impinging on the tag to usable direct current (DC)
voltage, which is sufficient to power the tag’s IC at close range. For uplink communication,
the tag does not generate its own RF signal, but instead modulates the RF signal reflected
from its antenna, a method otherwise known as backscatter modulation. The concept of using
reflected RF signals as a communication link was first published [4] in 1948 by Stockman [5],

and in a similar time frame demonstrated in practice by Theremin with the ‘Great Seal Bug’



(a Cold-War era espionage device) [6]. The latter is an example of an analog backscatter
device that transmits an analog microphone signal, as opposed to modern RFID tags that
transmit exclusively digital symbols.

Backscatter modulation operates on a principle akin to RADAR [5], where a typical
RADAR scenario involves the transmission of RF signal pulses to locate targets of interest
(objects that scatter RF signals). During the tag reading process, the RF reader transmits
a continuous wave (CW) at some center frequency we, i.e. cos(w.t). The tag’s antenna
scatters back a portion of the reader’s CW, and the remaining portion is absorbed by the
load attached to the antenna. In a static environment, the RFID tag appears as any other
scattering object, however, modulating the antenna’s load in turn modulates the scattered
CW [7]. The RFID reader now observes a time varying signal superimposed with relatively
constant signals (the reader’s CW and static scatters), so the tag can encode information
onto digital symbols by switching the antenna’s load between two or more discrete states.

It is important to emphasize that a backscatter modulator uses none of the active RF
circuits found in nearly all transmission circuits, such as a power amplifier or a RF oscillator.
The only active component is the switching circuit that modulates the antenna’s impedance
loading. These impedance elements consist of resistive and/or capacitive/inductive compo-
nents, which are energized by reader’s CW and not by a signal generated on the tag. If
the reader does not generate a CW, then a tag cannot initiate any communication with the
reader. Additionally, the RFID reader has the added complexity of generating the CW and
detecting the tag’s response simultaneously. Fig. 1.1 illustrates the architectural differences
between an active transceiver and backscatter. This architecture was first developed [4]
at Los Alamos National Laboratory in 1975 [8], but unlike previous analog backscatter
modulators, it uses digital modulation to continuously transmit a three digit ID code when
energized by a reader. Its backscatter modulator consists of two switched resistive elements
controlled by the ID generation circuit, which generates a simple binary amplitude shift
keying (ASK) modulation scheme [8]. Conceptually, this reader and passive tag system
architecture has remained virtually unchanged to the modern day [9].

In general, RFID tag types may be classified into one of the following: active, semi-

passive, or passive. Active RFID tags utilize powered transceivers for the uplink; see for
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Figure 1.1: Comparison between the active transceiver architecture and the backscatter
based transceiver architecture.

reference IEEE 802.15.4f [10] regarding standardization efforts. The standard details two
different physical layer designs, either a narrow band minimum shift keying modulation or
an ultra-wideband (UWB) architecture. Despite its name, active RFID has more similarity
to other low power radios, such as Bluetooth, than backscatter based tags. Semi-passive
tags consist of a low cost/power integrated IC capable of limited processing, along with
RF circuitry to support backscatter modulation and downlink demodulation, a rectifier to
harvest RF energy, and long term energy storage (e.g. battery or capacitor). Passive tags
follow the same general architecture as semi-passive tags, except they cannot store energy
and are completely reliant on harvested RF energy.

Recently, a new class of passive RFID tags known as chipless tags [11,12] have emerged
as an alternative to reduce the cost of RFID tags. Unlike other tag architectures, chipless
tags have no computational capability due to their lack of an IC, so they cannot execute the
simplest of communication protocols. Lastly, the RFID systems described thus far operate

in the far-field region of electromagnetic propagation as opposed to the near-field, and while



near-field based RFID is technical and commercial success, its range is severely limited as
opposed to far-field systems [3]. This dissertation only considers RFID systems based on
far-field backscatter modulation, i.e. passive and semi-passive tags.

An example architecture of a passive or semi-passive RFID tag is given in Fig 1.2 [13-15].
Einc represents the incident electrical field (E-field) generated by the reader’s CW at the tags
antenna, and é_';cat represents the backscatter E-field at the reader’s receiver. To modulate
é_’;cat, the on-tag microcontroller logic (or a digital circuit finite state-machine) switches
the backscatter modulator between two impedance states Z; and Z,. Additionally, the
microcontroller executes and manages higher level protocol operations. The demodulator
(demod.) block decodes the reader to tag communication, and the power harvester captures
part of the energy in the incident RF Emne for use by the tag. Within this example, the
interaction between the incident and scatter E-fields is defined by [7]

—.
7

&

scat

=&ty — TilaKa, (1.1)

scat

&M

where &

seat 15 the scattered E-field and Iy is the antenna current when the tag impedance

impedance is matched to the antenna impedance Z,,; and the tag’s incident E-field is énc.
The power reflection coefficient is defined to be between the tag’s antenna and the antenna’s

load
_ Zi — Z;nt
Zi - Zant7

which has the property of |I';| < 1 for any impedance value Z; (i = 1,2) and Zuy [16].

T; (1.2)

The remaining term K, is determined by the tag’s antenna properties and geometry with
respect to the reader’s antenna.

Physical properties unique to backscatter modulation differentiate it from the classic
wireless transceiver architecture. The analytical expression (1.1) of the reader’s received
signal provides insight on the fundamental characteristics of backscatter as a communication
channel. Namely, the two primary distinctions are the trade-off between energy cost and
backscatter modulator design, and the dependence of the reader’s received signal (‘fscat on
the tag’s incident signal énc.

Since the RFID tag does not actively generate a RF signal, the energy cost to transmit

(backscatter) needs to be reevaluated. Varying the impedance mismatch between the tag
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Figure 1.2: System level diagram of an RFID tag with two modulator states and an RFID
reader energizing the tag.

antenna and its load is necessary for backscatter modulation, otherwise the tag cannot
modulate its E-field signature, i.e. I'y # I's. In general, increasing the mismatch between
two modulation states (as measured by |I'; — I'a|) increases the receive signal to noise ratio
(SNR) [7]. A consequence of increasing the impedance mismatch is the decrease in power
transfer efficiency from the tag’s antenna to the tag’s power harvesting circuit [17], thereby
reducing the amount of power available to the tag from the reader’s CW. The modulation
design choice directly impacts the tag’s power budget despite the absence of active RF
components in backscatter modulators.

The scattered signal Ecat is a function of the impinging signal on the tag’s antenna
g;nc, as quantified in (1.1) by the term Iy;. So the reader’s CW signal, as received by the
tag, has a direct impact on the backscattered signal received by the reader Ercat. Common
to most wireless signals, both c‘:’;m and é_’;cat are subject to small-scale fading caused by

environmental multipath effects [18]. The coupling between the tag’s backscatter and the

reader’s CW creates unique fading statistics that differ from the canonical Rayleigh fading



channel [19]. To counter fading’s negative effects, [19] proposes the use of multi-antenna

tags and readers, otherwise known as multiple-input multiple-output (MIMO).

While there has been a tremendous focus on designing RFID systems for traditional
commercial applications (e.g. logistics and road tolling), there is now an expanding interest
in using RFID in non-traditional applications. The simplicity and low power consumption of
passive or semi-passive RFID tags has made backscatter based communications an attractive
candidate for wireless sensor networks (WSNs) [20,21]. RFID tags are envisioned to act
as sensor nodes collecting data, and RFID readers acting as fusion nodes collecting data
from the tags. Target applications include scenarios where traditional active RF systems
cannot achieve required link efficiency vs. power consumption trade-offs, while meeting
weight /size constraints [9,22]. Of particular note are low-power, constrained form-factor
scenarios from biological /physiological sensing applications, for which specialized RFID tags
with sensors have been fabricated [23-25]. An example of a RFID based sensor platform
is the Wireless Integrated Sensing Platform (WISP) [15], which integrates various sensors
and a programmable microcontroller onto a custom designed RFID tag [26]. The WISP
uses an existing industry developed protocol stack, notably ISO 18000-6C or EPC Class 1
Generation 2 [27] (EPC Gen2), to transport any dynamic sensory data collected by a tag. In
part, the WISP’s use of an industry standard protocol stack has contributed to its success,
because commercially available RFID readers can interact with WISPs, and therefore the

further development of EPC Gen2 is crucial for the future backscatter based WSNs.

The EPC Gen2 protocol uses a simple uncoded binary modulation for the physical
layer, and the link layer uses frame slotted ALOHA for random access and a stop-and-wait
ARQ [28] for data reliability [27]. Compared to other modern communication protocols,
the Gen2 physical and link layers are quite rudimentary, which often lead to poor perfor-
mance [29]. As sensor systems grow in the number of tags, data volume, and range, passive
backscatter based networks will require improved link and physical layer efficiencies. Like-
wise, traditional RFID applications can benefit from these improvements as they will result

in higher tag read rates and improved tag reading reliability.



1.2 Contribution & Organization

RFID’s widespread commercial success and its adoption by the WSN research community
suggests that RFID is a mature technology, however, backscatter modulation exhibits unique
characteristics with respect to power efficiency and multi-antenna systems. Furthermore,
future WSNs and RFID systems will likely demand improvements to the uplink efficiency.
This dissertation focuses on three key areas relating to backscatter modulation and RFID
systems: 1) analyze the co-design of backscatter modulation and error correction coding,
2) characterize space-time coding and MIMO performance limits of the dyadic backscatter
channel, and 3) hybrid-ARQ (HARQ) and random access improvements to the EPC Gen2

protocol. The contributions to these three areas are described in the sequel.

1.2.1 Coded Modulation for Backscatter

The rate a tag can harvest energy depends on if the tag is idle or backscattering, and during
the idle state, the efficiency of the harvesting circuitry [13,30], is the primary determinant.
The harvesting circuity and antenna impedance are typically conjugate matched, when
in the idle state, in order to maximize the power transfer from the antenna to the tag.
During the active state, the tag backscatters by switching its modulator impedance between
different states. As consequence, the antenna and power harvester are no longer matched
and less power is transfered to the harvester. Clearly the choice of tag modulation and coding
influences the amount harvested and affect the link reliability and rate. One fundamental
measure of link performance is its spectral and energy efficiency, which is determined by
the modulation and error correction code choice. Backscatter modulation has unique trade-
offs in terms of modulation design and power harvesting efficiency, so it is necessary to
reconsider how to design higher order constellations, such as 4 point quadrature amplitude
modulation (4-QAM), in conjunction with error correction codes.

The contributions of Chapter 2 are the following.

e We develop a novel metric to quantify the spectral and energy efficiency of backscatter:

the backscatter power efficiency loss per bit.



e We analyze the power harvesting efficiency of a general 4-QAM constellation. We
develop an optimization framework to find the modulator design that maximizes power

transfer to the tag.

e We propose two different error correction schemes for backscatter: equal error protec-
tion (EEP) and unequal error protection (UEP). The tag’s power harvesting efficiency
exhibits asymmetry with respect to a constellation’s in-phase and quadrature compo-

nents. We find that designs based on UEP outperform EEP.

1.2.2 Dyadic Backscatter Channel: Space-Time Coding € MIMO Performance Limits

The performance of MIMO systems is in part determined by the channel’s fading statistics.
Due to the unique physical properties of backscatter modulation, a RFID MIMO system
has a novel fading characterization known as the dyadic backscatter channel (DBC) [19].
The hallmark of the DBC is the cascade of two independent fading terms. The first term is
determined by the small-scale fading on the reader-to-tag downlink, and the second term is
determined by the small-scale fading on the tag-to-reader uplink, which results in a fading
distribution different from the Rayleigh fading channel. So the performance of space-time
codes in RFID systems will exhibit new trade-offs, as opposed to the Rayleigh MIMO
channel, in regards to system parameters.

The contributions of Chapter 3 are the following.

e A modified but equivalent DBC model is developed to simplify the analysis of space-

time codes.

e We examine, for the DBC, two important performance metrics that quantify the
reliability of space-time codes in fading channels: pair-wise error probability (PEP)
and the maximum diversity order [31]. Unlike Rayleigh fading channels [18], the
number of tag antennas solely determines the diversity order of orthogonal space-time
block codes. Additional receive antennas at the reader provide a coding gain but no

increase in diversity order.



o We verify our analytical results through numerical simulations.
The contributions of Chapter 4 are the following.

e A fundamental measure of the performance in MIMO fading channels is the diversity-
multiplexing tradeoff (DMT) [32]. We derive the DMT corresponding to the DBC,

which provides additional insight on behavior of the DBC.

e Increasing the number of reader receive antennas beyond the number of tag antennas
does not increase the spatial multiplexing gain or diversity order. If the number of
reader antennas is greater than or equal to the number of tag antennas, then it is

possible to achieve the DMT with space only codes.

e Since the DMT is an asymptotic (in SNR) performance measure, we examine the

finite-SNR DMT through numerical simulations.

1.2.3 HARQ & Random Access Enhancements

Two key functions of the EPC Gen2 (or ISO 18000-6C) protocol are the transfer of the EPC
data from the tag to the reader and the singulation of RFID tags through random access.
EPC Gen2’s uplink does not incorporate any forward error correction or fine grained link
adaptation; only simple cyclic redundancy checks are used for data integrity. The protocol’s
modulation scheme is based on binary line codes [33], where the only available variable to
adjust the link’s reliability and rate is the symbol period. Additionally, the same modulation
scheme is fixed for all tags communicating with the reader. Consequently, the current design
does not provide a robust uplink during poor link conditions, and it cannot adapt the link
to varying conditions. For example, the link quality may change overtime for a specific
tag, or the link quality will vary between different tags. We apply hybrid-ARQ (HARQ)
methods to the Gen2 protocol in order to improve the link throughput and reliability.
Frame slotted ALOHA (FSA) arbitrates the channel between RFID tags, however, within
EPC Gen2 FSA does not support true collision resolution, because any tag participating in
a collision simply repeats their attempt in the following ALOHA frame. Transmissions be-

tween frames are independent, so any previous collisions do not help future retransmissions.
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To improve the efficiency of FSA, we explore the concept of collision resolution through the
application of error correction codes and multi-user detection (MUD). The performance of
MUD and construction of practical codes are studied from a compressive sensing viewpoint.

The contributions of Chapter 5 are the following.

e We design a hybrid-ARQ protocol that supports fixed and variable length EPC pay-

loads, and it requires only minimal changes to the EPC Gen2 protocol.

e The performance of different HARQ schemes (Chase combining and incremental re-

dundancy) are evaluated through simulations.
The contributions of Chapter 6 are the following.

e We propose a random access protocol named incremental redundancy for frame slotted
ALOHA (IR-FSA). Its performance is analyzed using methods derived from compres-

sive sensing.

e Punctured Reed-Muller codes are used as a practical error correction code construc-
tion. Their performance is analyzed through simulations and compared against exist-

ing research on multi-tag detection.

In summary, this dissertation is organized as follows. Chapter 2 studies the co-design
of higher order modulation and error correction codes. Chapter 3 analyzes the pair-wise
error probability and diversity order of space-time codes in the dyadic backscatter channel,
and Chapter 4 derives the diversity-multiplexing tradeoff of the dyadic backscatter channel.
Chapter 5 evaluates the performance of Hybrid ARQ in the context of the EPC Gen2.
In Chapter 6, a random access protocol based on incremental redundancy and multiuser
detection is proposed and analyzed through simulations and compressive sensing methods.

Lastly, Chapter 7 contains the dissertation’s concluding remarks.
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Chapter 2

CODED MODULATION FOR
POWER AND SPECTRAL EFFICIENT RFID

2.1 Introduction

Presently, poor tag sensitivity and power harvesting in passive tags limit the downlink range
[17] and achievable link throughput. On the other hand, semi-passive tags that incorporate
some energy storage mechanism but still use passive backscatter are typically uplink limited,
hence, uplink improvements (enhanced front-ends for power harvesting, circuit designs with
lower sensitivity and more energy aware protocol stack) will be key to future RFID systems,
as was explored in [17]. In this work, we continue to further explore different facets of the
uplink-downlink coupling that relates achievable uplink rate/reliability with downlink power

harvesting.

The current industry standard - EPC Global Gen-2 [27] - specifies two binary encoding
schemes, FMO0 and Miller sub-band coding, for the uplink, implemented with either two state
amplitude shift keying (ASK) or phase shift keying (PSK). Both schemes use bi-orthogonal
symbols for transmission and incorporate encoder memory in mapping past information bits
onto the current transmitted waveform. This suggests the benefits of maximum likelihood
sequence estimation (MLSE) at the reader, however, it was shown in [33] that a linear
receiver for FMO operating over two successive symbols achieves near-MLSE performance.

The power harvesting efficiency of uncoded binary modulations is analyzed by [17].

It has recently been shown by [34] that it is feasible to build backscatter systems support-
ing higher order constellations, e.g. 4-QAM or 8-QAM. The work by [34] does not consider
coding or power harvesting efficiency, but instead focus on device and circuit design. Higher
dimensional constellations opens up the possibility for coded modulation or other advanced
modulation and coding combinations for passive backscatter RFID systems, however, im-

proved spectral efficiency implies an energy cost. During nominal (non-backscatter) opera-
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tion, the tag IC equivalent impedance is set to allow for maximum power transfer from the
antenna. During backscatter modulation, the tag’s impedance is intentionally mismatched,
and hence the power harvested is reduced (as compared to quiescent state).

Typically, E,/Ny or energy per bit to noise power spectral density serves as the standard
metric to compare different modulation/coding schemes, because often link design aims to
minimize the energy expenditure at the transmitter. Backscatter modulation by itself does
not require power to operate, but the tag relies on harvested energy to power its tag IC and
in the case of the WISP [15], to power on-tag sensors. Since the modulation choice affects
the harvesting efficiency, the tag to reader link efficiency and the tag’s power harvesting
capabilities are explicitly coupled. We define a novel metric backscatter power efficiency

loss per bit!

B o Pmatch - Pavg
loss — CP )
match

where P, 4405 is the power harvested under conjugate matched conditions, P, is the average

(2.1)

power harvested during backscatter, and C' is the information bits per symbol. Effectively,
Bioss serves as a way to measure the efficiency loss a tag must pay in order to backscatter
(communication). Sec. 2.5 will further develop the intuition behind this metric.

Our objective in this chapter is two-fold: to 1) investigate ways to improve uplink
spectral efficiency and 2) to characterize the associated backscatter power efficiency loss per
bit. Increasing the constellation order from binary signaling to 4-QAM doubles the spectral
efficiency, but causes a decrease in Fy,,. Our work investigates how the co-design of the
4-QAM constellation geometry and forward error correction (FEC) may be used to balance
the backscatter power efficiency loss per bit and increased spectral efficiency. We first
establish an equivalent circuit model in Sec. 2.2 for the RFID tag in terms of a backscatter
modulation design parameter, which determines the trade-off between backscattered signal
to the reader and the available power transferred to the tag. In Sec. 2.3 and Sec. 2.4, we
explore uncoded 4-QAM constellation design such that the power loss during backscatter
is minimized. Next in Sec. 2.5, we investigate FEC encoding schemes suitable for 4-QAM

modulation - these include traditional equal error protection (EEP) as well as unequal error

!The published work that this chapter is largely derived from [35] uses a different name for this metric,
‘normalized power loss per bit per information bit.” We believe this new name is more precise.
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protection (UEP) [36] 2. The latter exploits the advantage of asymmetric power harvesting
in a 4-QAM constellation caused by backscatter modulation. Viewed as two independent
binary modulations, different levels of protection are offered to the symbol states of a 4-
QAM symbol, so as to achieve equal BER post error correction. In Sec. 2.6, we compare the
different modulations and codes using a hypothetical link budget. This provides numerical

results to quantify the performance of each scheme.

2.2 Passive RFID System Model

Passive and semi-passive RFID tags have desirable form factors with a low-power IC con-
nected to external components such as the antenna. The IC integrates several different
analog subsystems such as an AC-to-DC voltage converter (power harvester), impedance
match network between the IC and antenna, the (data) modulator/demodulator, and digital
subsections comprised of a low power microprocessor [13] 3. An early tag implementation
was demonstrated by [14], and a present-day industry benchmark is the Monza4 chip from
Impinj [37].

During backscatter operation the tag IC is the only active component, which modulates
the antenna’s load impedance, Z;¢, via switching a variable impedance component within
the tag IC as shown in Fig. 2.1(a). The mismatch between the antenna’s impedance R,
and the IC’s impedance Zjc decreases the power transfer from antenna to tag. We next
introduce a simple equivalent circuit model to quantify backscatter modulation and power

delivered to the tag IC.

2.2.1 FEquiwalent Circuit Model

A Thevenin equivalent circuit model of the tag IC and antenna is shown in Fig. 2.1(a) [7].
It consists of a voltage source V¢, with the same frequency as the reader’s RF carrier w, in

series with the antenna represented by complex impedance Z,,; = Rant + jwLant; the tag

2UEP codes protect bits at different levels, whereby both bits are not equally significant in terms of their
intrinsic information.

3In some designs that target ultra-low power consumption, a finite state machine is used instead of a
microprocessor.
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Figure 2.1: Tag circuit model before the matching network: (a) illustrates the model antenna
inductance and chip capacitance. Whereas (b) has a matching network with the variable
components of Zrc, Cenip, and Lgpyne composing Zp,q.

IC connects to this circuit via a matching network. Voo is the antenna voltage generated
by the reader’s electric field at the tag. The RFID IC chip impedance is assumed to have a
capacitive component in parallel, i.e., Zepip = Z1c || m | jwLshunt, and it is assumed
there is a shunt inductance Lgpy,: from the antenna across the tag’s IC [13]. The impedance
matching network between the chip and antenna is designed such that L,,; term cancels at
w of choice, e.g. 915MHz, which leads to a simplified antenna equivalent circuit of Ry, [13].

Define Z;c to be composed of two subcomponents Z,,,q and R, in parallel. Rpgq
models the input impedance of all tag IC components other than the modulator circuit,
such as the demodulator and power conversion circuits. Thus the power delivered to Rrqq
is the power available for use on the tag. The value of R74, is chosen to equal Rgn¢ so
that during a non-backscatter state, the maximum amount of energy transfered from the

antenna to the tag is given by

Praten = (22)

Since Rrqq4 is a static value and Z,,,,4 is a variable impedance controlled by the tag IC logic,

any power delivered to Z,,,q cannot be utilized by the IC and is considered wasted energy.
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While modeling a RFID tag as a static lumped circuit greatly simplifies analysis, this
approaches ignores certain frequency and power dependent effects. First, the impedance of
Zmod Varies with respect to the reader’s carrier frequency w, because it consists of frequency
dependent components (capacitors and inductors). For RFID systems operating in the
UHF ISM band within the US, a typical design assumes an operating frequency of 915
MHZ.* Prior work addresses this issue through RF and device level simulations, which
shows negligible performance differences in both BER and error vector magnitude (EVM)
due to frequency variations within UHF ISM frequency operating range [34].

Second, the tag’s power harvesting circuitry exhibits non-linear properties with respect
to incident RF power, which effect the circuit’s AC to DC conversion efficiency [30] and
equivalent input impedance [38,39]. As further discussed in Sec 2.4, the optimality of
the modulation/coding designs proposed within this chapter depend on the assumption of
a fixed AC-to-DC conversion efficiency. Although some harvester circuit designs [30] do
follow a nearly linear relationship between input power and rectified power once the input
power reaches a critical threshold. Furthermore, varying either the operating frequency or
input power affects the harvester’s equivalent impedance [38,39], so a lumped Rr,, model
fails to capture second order effects. The discussion in Sec. 2.2.3 on the design of high order
backscatter modulator circuits assumes a fixed Rr,y model, and any changes in Rr,, will
distort the constellation geometry.

In the sequel, we assume a fixed harvesting efficiency and a constant Rp,, with respect
to operating frequency and input power. Future work, which is further expanded upon in

Chapter 7, should address the variability of Rr.4 to these two parameters.

2.2.2 Choosing Zmod

A variable impedance Z,,04 = Rmod + jXmoa consists of a variable capacitor (bank of
varactors), chip capacitance, variable resistor (switched), and a shunt inductor in parallel.
This modulator architecture is a variation on the PSK modulator proposed by [13]. Variable

components are controlled by the on-tag logic, which can be either a micro-controller or a

4The EU uses a separate frequency band of 865 — 868 MHz.
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hardwired state machine. Each set of resistive and capacitive values map to a specific Z,,.q

value given by

. 1
Zmod = Rmod ” ]WLshunt || ] ( (23)

w Cmod + Cchip) .

The values of C,,,,q are chosen to be greater and less than the design parameter Cgepter, sSuch
that Cepnip and Lgpyne are tuned out at the frequency of operation when Cy,pq = Ceenter, i-€.
Lshunt || (Ceenter +Cenip) = joo [13]. Capacitance values greater (less) than Ceenter generate
positive (negative) reactances, respectively.

In general, the combination of Lgpynt and Cioq + Cenip is a purely reactive component
7 Xmod, hence, Z,,,4 behaves a variable impedance with positive and negative reactance and
positive resistance. So for any target Z,,.q, the corresponding R,,,q and X,,.q values are

mapped to a circuit level design.

2.2.3 Backscatter Modulation

During backscatter operation the reader transmits a constant carrier wave that illuminates
the tag’s antenna with an electro-magnetic (EM) field. Corresponding to the physical prop-
erties and impedance loading of the tag, a portion of the impinging EM wave is backscattered
from the tag. The backscattered wave comprises of two components: a) structural mode
and b) antenna mode scattering. Structural mode scattering depends on the physical prop-
erties of the antenna, and antenna mode scattering depends on the antenna’s impedance
load. The physical configuration of the antenna remains independent of any impedance load
placed on the antenna [40]. It has been shown by [7] that the net electric field scattered
from a tag is

ant = ‘C/_‘;truct — I Lnaten Ka (24)

where

o ', = % is the power reflection coefficient for the i-th modulator state;

o Egpruct is the structural scattering term;

o latch = 2‘}/%% is the current through R,,: when the impedance of the chip and

antenna are conjugate matched;
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e K, is the Volts per meter per Ampere; the electric field strength radiated by the

antenna per unit Ampere of antenna current.

In (2.4), T'; is the only term the tag can modulate with its impedance; the remaining terms
are effectively constants. Furthermore, the work of [7] proves that the effect of structural
scattering equates to adding a constant offset to a modulated signal. A common approach
by the literature assumes Etruct = Imateh Ka [7,17], thereby making Ecat X Lonts Tant as
the current through the antenna.

For the subsequent discussion, we assume an additive white Gaussian noise (AWGN)
model and perfect knowledge at the receiver of the constant offset, phase rotation, and
symbol synchronization. > The net received signal at the reader z; € C is the sum of three
components: a) the modulated antenna mode scattering x;, b) L as the constant offset from

transmit to receive leakage and structual scattering and ¢) WGN, i.e.,
zi=hx;+L+w (2.5)

where w ~ CN (0, Ny) and h is a random phase rotation.

Consider a 2-QAM baseband constellation with symbols z¢ , 1 € C observed by the
readers receiver, as modeled by (2.5). Illustrated by Fig. 2.2, the constellation has a Eu-
clidean distance of d = |z — x| yielding an energy per symbol E = (M)Q Hence, the

corresponding bit error probability over an equivalent lowpass AWGN channel with noise

2F
pe)=Q ( m) (2.6

We emphasize that in error analysis of digital communication methods such as the above, it

. No :. 6
power spectral density of <0 is

is convenient to shift the constellation by an offset equal to the structural mode scattering
and transmitter leakage, so as to center them around the origin, since it has no impact

on the resulting error probability. Although, this requires a the reader with a monostatic”

5In practice, this is done through parameter estimation on a known preamble sequence.
Where Q(z) = 1 — ®(z) and ®(z) is the CDF of the standard normal distribution.

"Monostatic readers use the same local oscillator (LO) for the transmit and receive chains, and bistatic
readers use a seperate LOs. If the LOs are not common, then there is a frequency offset observed at the
receiver. [41]
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Figure 2.2: A binary antipodal constellation where x; = £1, L is a constant offset and
h = eI

architecture and that the channel state remains coherent over multiple symbol periods.
Otherwise L and h cannot be shifted and de-rotated, so the receiver must use non-coherent
detection techniques [41,42]. For short range and low mobility operation with symbol rates
on the order of 100s of Kbaud, it is reasonable to assume a coherent receiver is possible at
the reader. We defer to [43] for additional discussion on coherent detection receivers for

backscatter modulation.

To relate the value of (2.6) to a set of modulator impedances, consider that |z — x|

—

|€1 ggcat|7 and |€1

ecat — L —EY il o |1k, —19.,|. Thus choosing different I,,; via tag impedance

modulation is sufficient to design a backscatter constellation. Under the model described

by Fig. 2.1(b), the tag antenna current is given by

Voo Voo o Voo
Ziotat R Zic RragZmod
total ant + 4I1C Ront + Rras T Zomod

(2.7)

Iant =
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Substituting Rr.g = Rant, and replacing Z,,04 = BRant, where 3 € C is the variable design

factor, yields

I = VOC’ _ VOC(Rant + Zmod)
o Ront + 712123_22"7:& Rant(Romt + Zmod) + Rant Zmod
Vi 1
_ Oc< +5>. (2.8)
Rant 1+ 2ﬁ
Denoting backscatter coefficient
1+ 6
_ , 2.9
T T 2B (2:9)
where 7 is the modulator state index, we get
Voo
Iant,i = R - (210)
ant

The relation of the tag antenna current and its induced voltage observed by the reader is
further discussed in Appendix A.

Clearly, the choice of backscatter symbols 7; determines the BER. Any choice of n € C is
not feasible, because it must map to a valid modulator impedance. A modulator impedance
is realizable if the resistive component is non-negative, i.e., Re(8) > 0. Since

1—n
_ 2.11
B =1’ (2.11)

this implies

Re<1_”>zo. (2.12)

2n—1
Which is simplified by the following

Re((1—=n)(2n"-1)) =0
In|> — 1.5Re(n) + 0.5 < 0
In|> — 1.5Re(n) + 0.75% < 0.25%

(n — 0.75)(n — 0.75)* < 0.25%,

where the first line multiplies out the denominator, the second line simplifies so the real

operation affects only one term and divides out the leading coefficient, the third line uses
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Figure 2.3: Visualization of § and n € W, (2.11).

the fact 0.5 = 0.752 — 0.252, and the final line is the factored form. Hence, the feasible set
for n:

W ={n: |n—0.75] <0.25}. (2.13)
Fig. 2.3 illustrates the region of feasible backscatter symbols in relation to modulator

impedance.

In general the design of a backscatter constellation consists of the following steps.

1. Find a set of n; € W such the constellation geometry achieves the specified bit error
rate vs. tag-reader separation distance and possesses other desirable properties such

as symmetry;

2. From (2.11), solve for f3;, and determine the corresponding impedance values for circuit

level design.

2.3 4-QAM Constellation Design

It is well-known from communication theory that increasing the number of constellation

points improves the bit rate but also requires an increase in SNR (or equivalently, near-
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est neighbor symbol separation) at the receiver to preserve BER performance. While the
proposition of higher order QAM constellations for the RFID uplink is not new [34], we in-
vestigate further the issue of QAM constellations from the perspective of power loss due to
the coupling of uplink BER performance and power harvesting by the tag. The dependence
warrants a new joint design optimization approach, where we describe the preliminaries
in this section and formalize in the following section. We investigate a 4-QAM modula-
tion scheme consisting of two independent antipodal encodings on the orthogonal (I) and

quadrature (Q) components, respectively, as a case study.

2.3.1 Constellation Geometry and Bit Mapping

4-QAM encodes two bits - labeled as the pair (A, B) onto a constellation symbol. We
represent a general 4-QAM constellation as four symbols on a circle of radius r centered at
y € C,i.e.,

n; =re?%Y) 4y such that n; € W,i € {0,1,2,3} (2.14)

where 6; and r are considered fixed and v represents a rotation for all symbols. By imposing

symmetry, the symbol points are related to each other by

Op+m =05

91 + 7= 03. (215)
From the geometry of a circle, the following is true

Ino — n3| = [m — 2|

mo = m| = [n2 —ns|. (2.16)

Assuming Gray code labeling, as per Fig. 2.4, the constellation points at the reader post de-

modulation are assumed to be {(vVEg, VEa), (—VEB,VEA), VEg,—VEa4), (—VEp,—VEA)},

where

Eyoc|no—nsl? = |m —n2|?

Ep o [no —m|* = [n2 — ns[*. (2.17)
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(a) 4-QAM constellation with 4 = Ep (b) 4-QAM constellation with E4 > Ep

Figure 2.4: Example 4-QAM constellations described by (2.14) and (2.15)

The values of F4 and Ep directly map to the parameters r and 6;.

The BER analysis follows that for quadrature phase shift keying (QPSK), where it
is assumed that the AWGN in the I and QQ components are independent and identically
distributed. The maximum likelihood (ML) decision rule chooses the constellation point
nearest to the received signal. It is straight forward to show that the optimal rule for de-
coding bit A and bit B depends only on Im(z;) and Re(z;), respectively, where z; represents
the complex sample post demodulation from (2.5). The corresponding probability of error

can be written in terms of the respective symbol energy, F4 and Ep

2F 4
pA(G) =0 ( ]VO>

2Fp

Fig. 2.4 illustrates a realization of bit mapping for two cases: K4 = Ep and E4 > Ep.



23

2.8.2 Tag Power and Backscatter Modulation

During backscatter, the tag changes its IC impedance Z,,,4 to mismatched state, thereby
lowering the power transfer from the antenna (Prqq). Energy lost due to the impedance

mismatch is captured by the effective cost, defined as the ratio of energy lost to maximum

Pmatch _PTag

Je— The power transfer between a source and a load is maximized
matc,

harvested energy:

if the source and load impedances are conjugate matched, i.e.,
Zsource = Zipad- (2.19)

Under the equivalent circuit model in Fig. 2.1(b), the conjugate impedance match condition
is met if and only if

ZIC = RTag = Rant‘ (220)

The power available to the tag is the power available in Rp.g, i.e.,
1 2
Prag = 5|ITag|" Rrag. (2.21)

The parallel configuration of Z,,,q and R4 is equivalent to a current divider, and hence

Z d VOC Zmod
Irgy =1, o = : 2.22
Tag ant RTag + Zmod Rant + ZIC RTag + Zmod ( )
Rearranging,
Voc  _ Voc _ Voc(Rrag + Zmod) (2.23)
Ront + ZIC R+ % Rant(RTag + Zmod) + ZmodRTag
Substituting back into the (2.22) and simplifying
IT = VOC(RTIZQ + Zmod) Zmod
“ Rant(RTag + Zmod) + ZmodRTag RTag + Zmod
Rant(RTag + Zmod) + ZmodRTag
Set RTag = Rant and Zmod = ﬁRanta
ﬁRant VOC ﬁ
I1qq = Voc = . 2.25
Tag R?mt + 2B R?mt Ront 1+ Qﬁ ( )
Finally, the power transferred to the tag IC as a function of 3,
Vocl> |8 BI?
Prag(B) = Yool® 1P _ 4y 2L (2.26)

T 2Ram |1+ 282 mateh 1y 92"
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Figure 2.5: Graphical visualization of n € C versus PPTi‘zgh in gray scale, (2.27).

Substituting for £ in terms of 7 yields

1 o2
-n 2n—1
PTag = PTag <> = 4Ppatch T o 1-n
2n—1 L+ 2277—771
1-n 2 1—n |2
2n—1 2n—1
= 4P natch n—1 : = = 4Pnatch Uf
m—1 T 231 -1
= 4Paren|l — 1|2 (2.27)

Fig. 2.5 plots the ratio % as a function of n € C. 7 values near the feasible region
boundary, such as 0.5 (impedance match condition), tend to maximize the power transfer.
Intuitively, symbols should be placed as close as possible to the Pp.cn (7 = 0.5) state in
order to maximize average power transfer. Next, we propose an optimization approach for

the choice of 7; for a specific constellation such that power transfer is maximized.
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2.4 Power Loss Minimization

Minimizing Bjess (2.1) is equivalent to maximizing Py, which is the mean Prqg over the

modulator states {no,n1,n2, 13} 5

1
Povg(mo,m,m2,m3) = 1 (Prag(no) + Prag(m) + Prag(n2) + Prag(n3))

= L'match (‘1 - 770’2 =+ ’1 - 771’2 + ’1 - 772’2 + ’1 - 773|2) (228)
We seek the set {n;} such that P4 is maximized subject to the following constraints:

e the achievable BER is no greater than a predetermined threshold value, representing

reliable link layer operation;
e the set {7;} satisfy the geometry described by (2.14) and (2.15);

e the set {n;} map to feasible modulator impedances (2.13).

The reliable link requirement determines the parameters {r, 6;} of (2.14) to values defined
as {7, éz} In this section, we solve for the remaining parameters {y, ¢} such that P, is
maximized subject to the constraints described above.

Substituting for 7; in terms of {7, 0;,y, 1}, the objective function P, further simplifies
due to the symmetry of 4-QAM; Py, = Pmatch(zg’zo 11— fedGo—v) _ y|?). From (2.15), the
points 1o and ny satisfy pedlla=¥) 4 Y= —ied(Go=¥) 4 y; likewise for n1,n3. Now, each term

in P,y can be written as

11— el @) g2 = 1 = y2 = 2Re{(1 — y*)iel @)} 4 2 (2.29)
Using the fact that fei(02=v) = —fej(éo_w), cancels out the Re{.} terms, leading to

11— el @) g2 |1 — 7l Om0) g2 = 9(1 — g2 4 #2). (2.30)

and resulting in

Pavg :4Pmatch(‘1 —y|2 +f2) (231)

8We assume that the symbols are equiprobable.
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Figure 2.6: To maximize Py, choose y and v (rotation of the n; points) such that |1 — y|
is maximized, and 7; remain confined to W (2.13).

Hence ignoring scalar multiplier and additive constants, the optimization problem seeks

to

Maximize, ,, |1 —y/? (2.32)
Subject to: [fed %) 4y —0.75 < 0.25, 0 < i < 3

0<y<2r,ycC

The first set of constraints ensure that the n; found by the optimization are feasible (2.13).
Geometrically interpreted, the 7; correspond to four corners of a rectangle centered at y,
which is confined to the region of feasible n;; see Fig 2.6. The choice of ¢ rotates the
constellation points around the center y.

The solution to the optimal {y, 1}, follows the geometric proof outlined by:

e the optimal solution (y*) occurs when at least two symbols, 7;, lay on the boundary

of W (2.13);
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e the set of feasible y can be reduced to |y — 0.75| < d where d depends on E4 and Ep;

e for a constellation with E4 > Eg, y* = 0.75 — \/0.252 — E4 + /Ep.

As described in Section 2.3 the choice of {7, él} map directly to the values of F4 and Ep.

For any fixed v, the optimization problem described by (2.32) is the maximization of a
convex function over a closed convex set [44]. Convex analysis [45] states that the maximum
occurs somewhere on the boundary of the constrain region W, i.e. at least one constraint is
met with equality. Since the value of 1 does not affect the link performance, it is necessary
to consider all feasible {y, v} pairs that meet the boundary conditions.

From the rectangular geometry of the four 7; points and the circle shape of constraint
region W, it is possible to choose {y,%} such that two symbols lie on the boundary of W;
Fig 2.6 illustrates the relationship between 7; and W. The symmetry of W reduces the set
of all feasible y (for some v) to a circle defined by |y — 0.75| < d. Following the argument

given in Appendix B, d is given as

{y: ly—0.75| < /0.252 — Eo — \/Ep, E4 > Ep} (2.33)

or
{y: |y—0.75| < /0.252 — Eg —\/E4, E4 < Ep}. (2.34)

Therefore the solution that maximizes |1 — y| clearly occurs at the boundary of W where

y* =0.75 — \/0.252 — E4 + \/Eg, E4 > Ep (2.35)

or
y* =0.75 — /0252 — Ep + \/EA, E4 < Eg. (2.36)

Geometrically, the optimal constellation occurs at the far left side of W.
Fig. 2.7(a) illustrates an example of two 4-QAM constellations (optimal and sub-optimal)
where the values for £4 and Ep are chosen arbitrarily. The backscatter power efficiency
atch_Pavg

= 0.27 for the optimized case and Py ye—

Pavg —I'match

loss
Pmatch

= 0.84 for the non-optimized
example. Fig. 2.7(b) plots the set of all feasible y vs |1 — y|?, which shows that the optimal
y occurs at the point closest to the matched state. However the optimal n; does not include

the matched state (which maximizes Pr,, for that state) as one of the modulator states.
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Figure 2.7: Figure (a) Example of backscatter symbol placement for a 4-Q AM constellation

geometry (r = 0.15,0p = %,91 = %, = 0): optimal and non-optimal. Figure (b) plots y

(2.14) vs. |1 — y|? for the same constellation parameters as (a).

2.5 Coded Modulation Design

Increasing the modulation order improves spectral efficiency but decreases the power har-
vested Pyyg. To fairly compare different modulations and FEC codes, we use the backscatter
power efficiency loss per bit (2.1)

B o Praten — Pavg
loss CP 3
match

which is a strictly positive number. This metric arises from the notion that energy loss occurs
when the modulator generates an impedance mismatch between the harvester circuitry and
antenna. As consequence, the tag loses the energy it could have harvested if no backscatter
occurred at all.

More formally, Bj,ss can be derived from first principles. The energy per bit lost due to

backscatter modulation is
Pmatch - Pavg
C/Ts ’
where T is the symbol length, hence, C'/Ts represents the effective bit rate. If the tag did

(2.37)

not backscatter the tag would have harvester Pp,q:cn1s amount of energy, so by normalizing
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(2.37) with this term results in our definition of Bjss

By, = Lmateh = Favg 1 Finaten = Pavg (2.38)
088 C/Ts PmatchTs C Pmatch

The motivation for normalizing (2.37) stems from the fact that both P4¢cp, and Py,g vary
based on the reader’s transmit power and the parameters of the tag’s antenna. Two systems
with identical modulation and coding designs will exhibit different energy loss per bit values
if the reader transmit power differs between them, which makes it difficult to compare
different modulation and coding designs. If this term is normalized by P,,utch, then both

will have identical Bj,ss values.

Additionally, we emphasize that lower Bj,ss only implies improved power harvesting
during backscatter. So for a typical passive RFID tag reading scenario, where a tag spends
most of its time idle and only transmits a short EPC, an improved Bj,ss has a smaller impact
as opposed to a sensor network application. A sensor network moves a larger volume of
information from each sensor, thereby increasing the system impact on the cost to send each
bit. This section will explore the use of FEC coding to improve (lower) Bj,ss required for

4-QAM as compared to the uncoded case.

2.5.1 Uncoded 2-QAM and 4-QAM Modulation

The uncoded 2-QAM constellation follows directly from the modulations described in the
Gen?2 standard [27]. Two common binary modulator designs in current use - (binary) ASK
and PSK - achieve the same BER given by (2.6), however, ASK uses only resistive modulator
impedances while PSK uses only reactive modulator impedances. Even though both have
identical link performance, PSK achieves a lower Bj,ss than ASK. The power efficiency
difference between ASK and PSK has been recognized previously by [13] but not yet fully
explored.

The 4-QAM constellation is designed by the method discussed in Sec. 2.3.2. Both bits

have equal probability of error, which leads to a constellation with equal distance between

symbols as illustrated by Fig. 2.4(a) (E4 = Ep) and BER given by (2.18).
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2.5.2 Coded 4-QAM: UEP and FEP

The proposed 4-QAM constellation along with a suitable forward error correction code
promises new options to balance desired uplink rates and power harvesting. The coding gain
allows for reliable bit decoding at a lower SNR, allowing for a new modulator design with
different impedances. Lower SNR requirements maps to constellations with higher F,,q,
which could be used for a variety of purposes - e.g. increased uplink range or improved link
reliability or support operation of additional sensing circuits. But FEC codes also decrease
the amount of info. bits per symbol (C'). Thus it is necessary to examine both P,,, and
code choice.

The performance of FEC options with memory - such as convolutional coding - provides
appropriate guidelines for the choice of coding to be used in conjunction with 4-QAM. Recall
that our choice of 4-QAM constellation is equivalent to two orthogonal BPSK signals. The
probability of bit error py(e) of a coded BPSK signal at high SNR has a good approximation
[46], and the corresponding BER for bit A and B is

2By 4Rd free
pale) = Q< 717”&}\] ! ) (2.39)
0
2E R fres
pp(e) ~ Q( 7b’BN ! > (2.40)
0

where R is the code rate, de. is the free distance of the code, and (Ey 4 Ep ) is the
respective energy per information bit. This approximation to the BER is used to calculate
the reader’s BER for the UEP and EEP schemes.

In the case of EEP, the total symbol energy is distributed equally to both bits that are
coded with identical FEC, resulting in equal error protection: pa(e) = pp(e). Additionally,
the FEC can decode bits with the same reliability as uncoded detection using a factor of
dfree less energy per symbol, or Rdyf.. less energy per bit. Lowering the symbol energy
maps to decreasing r of the constellation (2.14) Constellations with smaller r and constant
0; result in backscatter modulator designs with a higher P,,4. The P, is calculated using
two different FECs, each with different rates and d .., specifically (R = % ; dfree = 8), and

(R = %, d¢ree = 5). The inclusion of the new Py, and the new info. rate (because of FEC)
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results in the new Bjs.

The second approach uses a variation of UEP coding. Originally, the motivation for UEP
was to design codes that provide unequal protection for each bit based on the differences
in their respective significance [47]. However, in our work, we use UEP FEC to yield equal
bit error rates post coding for a constellation with unequal BER when uncoded, i.e., for
the 4-QAM case where pa(e) # pgp(e). From (2.18), unequal error probabilities requires
asymmetry in the constellation, as illustrated by Fig. 2.4(b), that is then compensated by
the UEP FEC.

In case of an asymmetry between the reactive (quadrature) and resistive (inphase) bits,
PSK out performs ASK modulation in terms of power harvesting [2]. To minimize the
power loss of the resistive modulated (B) bit, the symbol energy for bit B is decreased (by
an amount determined by the FEC coding gain), i.e. Ep < E4 as in Fig. 2.4(b). Decreasing
only Ep and keeping F4 constant thereby decreases the constellation’s r» and changes 6
and 0. These changes in constellation geometry allow for a feasible backscatter modulator
with a higher P,,y. To maintain reliability, this bit is then protected with a FEC. Bit A
is otherwise left uncoded, which results in 1 + R information bits per symbol. Leaving a
bit uncoded also reduces complexity at the reader, because only part of the constellation is
required to be processed by the FEC decoder. Lastly, the same two codes used in EEP are

used to encode bit B and in addition a code with R = % and dfre. = 18 is also used.
2.6 Numerical Results

Table 2.1 displays the backscatter power efficiency loss per bit %:::”" for each of the
modulations discussed previously. Each combination of constellation and FEC is designed
to meet an uplink range of 25 m, a BER of 1072 and 1075, for a fixed symbol rate of
640 KHz. The SNR and F,,, is calculated using the approach discussed in Sec. 2.2.3 and
Sec. 2.3.2. Additionally, the values for the reader and tag parameters are listed in Appendix
A. As expected, PSK has the superior power loss figure as compared to ASK, despite the
fact that at the receiver, the two constellations are identical in BER and information rate.

The next notable result is the difference in performance between uncoded 4-QAM and PSK.

As discussed in Sec. 2.3.1, the uncoded 4-QAM constellation is equivalent to a mean shifted
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Modulation Type Bioss at p(e) = 1073 | Bjoss at p(e) = 1075 | C
2-PSK 0.001 0.003 1
UEP R=1/4 dfe =18 0.017 0.024 1.25
UEP R=1/2 dfrec =8 0.021 0.029 1.5
UEP R=3/4 dfrec =5 0.022 0.031 1.75
EEP R=3/4 dfree =5 0.025 0.034 15
EEP R=1/2 dfree =8 0.03 0.041 1
4-QAM 0.04 0.057 2
2-ASK 0.08 0.11 1

Table 2.1: Backscatter power efficiency loss per bit for different modulations and FECs.
The numerical result is calculated from a hypothetical tag and reader setup

QPSK constellation. It is well-known that BPSK and QPSK have identical power cost per
bit for active transceiver architectures, however in this example, the 4-QAM constellation
is considerably more expensive in terms of the backscatter power efficiency loss per bit than

PSK.

UEP performs the best out of all the code choices, except for 2-PSK. Despite UEP and
EEP using identical FECs, UEP performs better. For nearly equal B, EEP achieves
better spectral efficiency at the same reliability. Indicating that the majority of the power
is lost in the resistive modulated bit as opposed to reactive modulated bit. Hence in this
example, coding the reactive bit (A) is less efficient than leaving the bit uncoded. Addi-
tionally, it explains that constellation design for backscatter modulation should be treated
differently than traditional modulation by including the notion of (normalized) backscatter
efficiency loss, which is not bit-wise identical. Finally, it demonstrates the importance of

co-design of the constellation and FEC.

While 2-PSK out performs UEP in terms of backscatter power efficiency loss per bit,
UEP offers better spectral efficiency than PSK. UEP also outperforms uncoded 4-QAM for

both BER constraints. This suggests that a system designer should consider UEP coding
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in conjunction with 4-QAM for RFID uplink, if that is a feasible option given the overall

specifications.
2.7 Conclusion

This chapter presents a new analysis for RFID link that integrates the traditional communi-
cation metrics (BER and spectral efficiency) with the notion of backscatter power efficiency
loss per bit. The latter is an important consideration in power starved RFID tags that must
rely on harvested power for operation. Its inclusion couples the downlink with the uplink
via the choice of the power harvesting circuitry parameters (downlink) and constellation
design (uplink) - this distinguishes our work from traditional communication systems.

Our results show a significant increase in the backscatter power efficiency loss per bit
from 2-QAM to 4-QAM in return for the increased spectral efficiency of the latter. Conse-
quently, we propose novel coded 4-QAM schemes based on UEP that help bridge the gap in
performance between 2-QAM and 4-QAM. These new physical layer options may provide
guidance for future Class 1 Gen 2 enhancements that yield a better balance between the

tag’s two key attributes: harvested energy and uplink efficiency.
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Chapter 3

SPACE TIME CODING FOR MIMO RFID SYSTEMS

3.1 Introduction

As RFID applications become more data intensive, the expectations for higher rates and
greater reliability on the uplink (tag to reader) will escalate beyond the current limits
(maximum 640 Kbps on uplink with demonstrated achieved ranges of a few meters). As seen
in Wi-Fi and cellular technologies [18], multi-antenna techniques offer simple and effective
solutions that improve the uplink rate or reliability. This work seeks to explore the potential
application of such concepts to RFID systems. While adding multiple antennas to an RFID
reader is a natural solution, the number of antennas allowed per tag is limited by the tag’s
form factor, hence, this chapter studies the performance gains from a limited number of

antennas.

A full chain consists of two signal paths: forward unmodulated signal from reader to
tag on the downlink, and the backscattered modulated signal from tag to reader on the
uplink. In general, the backscattered signal is subject to environmental multipath en route
reader that cause both frequency and time selective effects. The uplink symbol rate is
sufficiently low, such that we may ignore the impact of any frequency selectivity, i.e., we
assume no inter-symbol interference. Typically the physical environment changes slowly
over time, so the symbols experience slow fading multipath conditions. Additionally, the
antennas at the reader and tag are spaced sufficiently far apart so that the fading at each
antenna is statistically independent; an assumption we’ll justify shortly. A model that
captures these features is the (M, L, N) dyadic backscatter channel (DBC) introduced by
[19]. The downlink and uplink path gains are represented respectively by two matrices with
independent and identically distributed (iid) complex Gaussian channel elements. The first
represents the (pairwise) channel from each of M transmit (reader) antennas to the L tag

antennas on the forward path, and the second captures the pairwise channel between any
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Figure 3.1: Single reader and tag architecture with separate uplink and downlink fading
paths.

L tag antennas to the N receive (reader) antennas on the reverse. Clearly, the composite
(dyadic) channel gains are no longer Gaussian and hence the fading is no longer Rayleigh
distributed.

The physical form factor and cost are key attributes that determine the practicality
of RFID systems. To have multiple antennas on both the tag and reader, the tag form
factor must increase in order to separate antennas sufficiently (at least by one A) to achieve
independent fading. For RFID systems operating in the FCC 915 MHz ISM band, the
required antenna dimensions make it difficult to design a compact system with independent
fading at each antenna. To dramatically decrease the antenna size, designers have turned
to operation in the unlicensed 5.1 GHz band instead of the 915 MHz band [19]. It is shown
that a practical dual antenna tag with dimensions 3.8 cm x 7.7 cm can be built [48,49] for
operation at 5.79 GHz. So advanced tags, such as the WISP, with two to four separated
antennas operating at 5.8 GHz may be commercially feasible. Lastly, additional receiver
chains on the reader is also economical, given today’s prevalence of consumer grade MIMO

systems (e.g. 802.11n, HSPA+, LTE).

3.1.1 Related Work

Previous works on MIMO applied to RFID based systems are sparse. The concept of using
MIMO techniques for RFID was introduced by [50], but the work focuses on system level
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descriptions. Of the existing literature, the majority has focused solely on multiple antennas
at the reader, while ignoring the tags. [51] and [52] considers the hardware architecture
needed for additional reader antennas, and [53] analyzes the channel corresponding to a
single tag antenna with a MIMO reader. The multi-antenna tag channel and the DBC were
first studied in detail by [19]. Later extensions of the work considers only the uncoded
BER for the multiple input, single output (MISO) channel [54], correlated MISO channels
[55], and simulation results [56,57] for the Alamouti space time block code (STBC) [58].
It is also pointed out by [54] that the (1,L,1) DBC is equivalent to the (L,1) cascaded
Rayleigh channel discussed by [59]. Accordingly, we are the first to systematically analyze
the diversity order achievable for the MIMO DBC channel.

Since the completion of this work, the area of RFID MIMO systems has greatly increased
in size and scope. The performance of space-time block codes is analyzed for the DBC
Rayleigh fading case [60-62]! and later for the Rician and Nakagami-m fading cases [63].
Instead of focusing on link design, other work has proposed reader antenna beamforming
techniques in order to enhance power transfer the RFID tag [64,65], which has the most
impact for fully passive tags. Lastly, there has been progress on using multi-port theory
to determine the individual channel gains of the DBC based on measurements only at the

reader’s receiver [66].

3.1.2  Contribution and Organization

This chapter is organized as follows. Section 3.2 discusses backscatter modulation in an
MIMO environment, and discusses relationship between the existing pinhole MIMO channel
model and the DBC model. Next, the DBC model [19] is extended to support our analysis
in the MIMO DBC setting. Section 3.3 derives a bound on the symbol pairwise error
probability for general space-time codes that is numerically computed; for orthogonal space-
time codes (OSTBC), a closed form PEP bound is shown. Section 3.4 finds the asymptotic
diversity order for OSTBCs based on results of Section 3.3. Section 3.5 evaluates the
performance of OSTBCs and space-time trellis codes (STTC) using both analytical and

!Similar results by [60] was developed in parallel and independent of our work.
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Monte Carlo simulation based results.

3.2 System Model - RFID Backscatter MIMO Channel

What distinguishes the dyadic backscatter channel (DBC) model from a standard (M, N)
MIMO channel is that each tag antenna behaves as a pinhole [19] for uplink communication.
Conceptually, a pinhole results when signals from the multiple paths superimpose at a
single point, and the combined signal re-scatters [67—69]. The superposition at a pinhole
occurs because the physical environment only supports one mode of propagation between
the transmit and receive antenna arrays, despite having a scatter rich environment near
each antenna. Pinholes in traditional (M, N) MIMO systems have been known to occur in
many situations [70], e.g. a long hallway that supports only a single mode of propagation
and others are discussed in [19]. To motivate the basis of the DBC model, the standard
MIMO and ‘pinhole’ MIMO channels are first described.

The standard (M, N) MIMO system [18] is modeled by the received signal y,, € CV, at

time instant n given by

Yn = Hxn + Wy, (31)

where H € CNV*M ig the channel matrix, x,, € CM is the transmitted signal, and w,, € C" is
AWGN. Typically, H is modeled as a full rank matrix with i.i.d. complex Gaussian entries.
However in the pinhole MIMO channel, there exists two sets of paths traveling to and from
each pinhole, so H is no longer Gaussian. The respective channel matrix for L independent

pinholes is modeled as a sum of dyadic products [68]?

L
Yn = Z sihfmh?-rxn +w, = H*QH" x, + w,, (3.2)
i=1
where [h{%, ... hi*] = H®® € CM*L [n]®, ... %] = H™® € CN*L | [s1,...,s.]T =s € CF,

and diag{s} = Q € C¥*L. The matrices H** and H"® represent the gains to and from each
pinhole antenna pair, and Q represents the complex gain at each pinhole. Each pinhole gain

s; is determined by the physical environment and remains static. Furthermore, the channel

2Dyadic products are more commonly known as outer products.
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fading is assumed flat and independent, whereby each element in H™® and H'* are drawn
iid from CN(0,1).3

Consider a RFID system consisting of a multi-antenna reader with M transmit an-
tennas and N receive antennas, and a RFID tag with L antennas as in Figure 3.2. The
corresponding DBC model has the form of (3.2) [19], but with the following key differenti-
ating characteristic. For the pinhole MIMO channel, the sender attempts to communicate
the signal x,, (unknown to the receiver) via a noisy observation at the receiver, y,. However
for the RFID scenario, the signal x,, is the carrier wave generated by the reader, and the
diagonal elements of Q (s;) are determined by the tag antenna’s impedance loading, and
no longer by the environment as in the (M, N) pinhole channel. Hence, the tag attempts to
communicate the signal Q (unknown at the receiver) via a noisy observation at the receiver,
Y, with x,, known a-priori at the receiver.* In other words, the unknown information for
the reader to decode resides in Q.

While (3.2) accurately models the system for a single time instant, it needs to be ex-
tended over multiple symbol periods to allow for space-time coding, i.e. when Q changes
over different slots. Both the traditional (M, N) MIMO or pinhole MIMO channels are
easily extended over K time slots by collecting x and y as time-indexed matrix columns,
e.g. [x1,...,Xxk], as follows. First, observe that QH™"x,, = s o (H*Tx,,), where o is the

Hadamard product.® This results in
yn = H%(so (H*Tx,)) 4+ wy,. (3.3)

Note that if L = 1 the model defaults to the (M, 1, N) DBC where no space time coding is
possible, which is discussed in [19].

Now, consider a space-time block code over K symbol durations (slots). The reader’s N
receive antennas observes the signal [yi,...,yx| =Y € CN*K in the presence of additive

noise [wi,...,wx|] = W € CV*K_ The (known) sequence sent by the reader’s transmit

3CN denotes the circular symmetric complex normal distribution.

4x,, also leaks from the transmitter to the receiver in most scenarios. For the remainder of the paper, we
ignore such leakage - under the assumption that it is adequately canceled.

5The o operator indicates the Hadamard product of matrices, i.e., point-wise multiplication [Ao B]

ij
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Figure 3.2: (a) A two pinhole MIMO channel with multiple transmit and receive antennas
and multiple pinholes. The signal emitted by each pinhole is the sum of the paths arriving
at each pinhole. (b) The (M, L, N) DBC, where the signal observed at each receive antenna
is the cascaded of the H'* and H'® channels.

antennas is [x1,...,Xx] = X € CM*K_ The tag antennas send the impedance-modulated

code word [s,...8%] = S € CL*E via
Y = Hre (sa o (Ht“x)) +W, (3.4)

where each code word S* (indexed by a) is drawn from a code book C.
Consider the simplest case, where the reader transmits a constant carrier wave with net
energy E equally shared among all transmit antennas, i.e., X = \/E/M1;1x ", where 1,

is a column vector of M ones. Rewriting (3.4) for a constant transmit signal yields:
Y = H'™" (sa o (x/E/MHmTlMlKT)) LW, (3.5)

Lemma 3.2.1. The statistics of Y are invariant to the number of TX antennas M i.e., a

(1, L, N) configuration is statistically identical to a (M, L, N) configuration.

Proof. Consider the matrix of random variables \/1/MH®T1,;1,T. From the properties
of independent Gaussian random variables, each element of the vector /1/M H™*T1,, is
i.i.d. CN(0,1) for any M, implying that /1/MH®*T1,;1x" has identical statistics for any
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M. Even with space-time coding it is not possible exploit any diversity from the paths

described by H*. O

This result agrees with the results for space only signaling [19]; increasing M has no
benefit.

It is straightforward to show

diag{\/1/MH"T1,,}8% = §%o (\/1/MH“T1M1KT) . (3.6)

For compactness, write D = diag{,/1/MH!*T1,,}, resulting in a simplified version of
(3.5) as
Y = VEH™”D*S® + W. (3.7)

From Lemma 3.2.1, the diagonal elements of D! are i.i.d. Gaussian and the statistics are
invariant to the choice of M. Notice that (3.7) follows the form of a standard MIMO channel
with the difference that the elements of the product H™*D® are not i.i.d. Gaussian. This

form of the DBC model is used to analyze the error performance of space-time codes.
3.3 PEP Analysis

The pairwise error probability (PEP) is the probability that a transmitted code word S*
is incorrectly detected as some other valid code word S?, which provides insight on code

performance under ideal assumptions [18,31]. Its derivation undertakes the following steps:

1. Compute the PEP, conditioned on the channel state.
2. Find an upper bound on the conditional PEP, such as the Chernoff Bound.
3. Average over the channel state variables and obtain the unconditional PEP.

3.3.1 PEP for General Codebook C

Let p (Sa — Sb) denote the PEP for the symbol pair a,b. By law of total probability,
p(S* — 8% = Egrepre [p (S“ — St |Hm, D* )], via averaging over the receive and transmit

channel gains. For the measurement model in additive white Gaussian noise (AWGN)
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described by (3.7), classical detection theory leads to a receiver that chooses the nearest

codeword, i.e. one with the smallest Euclidean distance from the received signal. Hence,
SNR
P (S“ — sb ‘H”, th) =0 ( 2HH””D“”CHF> (3.8)

where SNR = E/Ny and C = S*—S? is the codeword difference. The PEP is defined in terms
of the well-known indefinite integral Q(.) ¢ that renders averaging out the channel variables
infeasible. However, using the Chernoff bound for the Q(.) function Q(z) < 3exp (%),
yields

1 <_ SNR

P (sa g \Hm,Dm) < e (-

HH””D”CH%) : (3.9)
Lemma 3.3.1. |[H™®D®C|% = ZiL:O Vivi, where ¥; are the eigenvalues of the random
matriz D*CCTD!T, Also, p(7;|D®) ~ T'(N,1) 7 where ; is (conditionally) independent

of vj, given D Vi = 5. 8
Proof. Expanding the Frobenius norm
”Herth”%‘ — tr [HTIDtICCTDtmTHch
N
=Y h{D"CCD"'h;, (3.10)

i=1
where [hy,...,hy] = H™. For any D, D**CC'D*' is Hermitian. Since all Hermi-
tian matrices are diagonalized by a unitary matrix, i.e. D®CCID®*! = U®U' where

[uy,...,ur] = U and UU' = UTU =1 and the diagonal eigenvalue matrix ¥ composed of

elements ;. Each term in the sum of (3.10)

L
h/D*”CC'D"h; = 4;|hfuy[%. (3.11)
j=1

Since the vectors u; form an orthonormal basis and the elements of all the vectors h; are

i.i.d CN(0,1), the random variable hlu; is i.i.d. CA(0,1) Vi, j.

°Q(x) = 1/v2n [ exp(—z*/2)dz.
"The I'(m, A) distribution has the pdf fx(z) = Ae™**(Az)™ ' /(m — 1)! [71].

8+ indicates conjugate transpose.
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Combining (3.11) into (3.10) results in

N L L
S wiihlu? =" ¢ (3.12)
i—1 j—1 j=

where 7; is the sum of N magnitude squared i.i.d CA/(0, 1) random variables. Thus p(y;| D) ~
I'(N,1) and form an i.i.d set [71]. O

Inserting into (3.9)

L

1 SNR

P (Sa — b | @b’y) < 5 oXP (—4 ZW%> . (3.13)
=0

-N
Lemma 3.3.2. For~y; ~I'(N,1), Eyexp (—SNTR wi'yi) = (1 + SNTR%)
Proof. The expectation over ~; of the Chernoff bound is equivalent to computing the moment
generating function of the I'(N, 1) distribution [72]. Hence, Mp(s) = E,,e®% = (1 —s)~ V.
. . —N
Setting s = —SNTR ¥; yields (1 + SNTRTZJZ‘) . O

Unfortunately, the distribution of the eigenvalues v; of the random matrix in (3.13) is
unavailable in closed form, and an alternate route is needed, as developed next. 2 As-
sume rank{CC'} = L where L < L. Since rank{D/} = L with probability 1, then the
rank{D*CCTD!*} = L. 19 As a consequence, the count of non-zero 1; equals the rank of
CC'. This suggests that the code matrix rank affects how quickly the PEP decreases with
SNR. From Lemma 3.3.1 and 3.3.2, the conditional upperbound is

SNR O\ 7V
(145 w)

N
I+ %DthCTDt”T

N

p(st s v) <

L
1=

1
-N

1
== 14
: , (3.14)

where the equality reflects the fact that the product of eigenvalues equals the determinant,
and 1+ % 1 for i = 1,... L are the L non-zero eigenvalues of I + % D=CCiD*f. In

general the distribution of random determinants is not known, so the conditional PEP is

9Note that the original MIMO diversity analysis for standard Rayleigh channel in [31] did not encounter
the random eigenvalue problem as above.

19A standard result in linear algebra states for any B, the rank{ AB} = rank{B} if AT is full rank.
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averaged out using Monte Carlo evaluation. Further details on the evaluation of this bound
are discussed in Section 3.5.2.

To provide better intuition into code performance, we show that |CCT| approximates
the available coding gain. The Minkowski determinant inequality [73] states for any positive
semi-definite and Hermitian matrices A, Ag, |A; + Ag\l/" > ]Alll/” + |A2|1/". Since I
and D*CC'D*! are Hermitian matrices, applying the above to (3.14) for n = 1 results in

‘ SNR SNR

I+ Tth’fccTthffT >1+ ‘4DmCCTDm’T , (3.15)

thereby proving

1 N
P (sa s ¢) < - <1 n ‘S:{DWCCTD”CT

5 >_N. (3.16)

Additionally, the above is asymptotically tight, i.e., as SNR — oo the inequality in (3.16)

becomes an equality.
Form the the properties of determinants, |[D**CC'D**1| = |CC'||D**D**!|, and |D*D*f| =
[1|D%¥2. 1f CCT is full rank, i.e L = L, the above yields

-N
1 SNR\ © =
P (sa — 8| w) <3 <1 + <4> [oleiin | R02 2) . (3.17)
=1

Note that |CCT| (which multiplies the SNR terms) represents a coding gain, similar to the
result for Rayleigh channel STTCs [31]. However, the distribution of a product of Rayleigh
random variables is not available in closed form [74], so Monte Carlo evaluation is necessary.

Lastly, we report that (3.17) is quite loose at moderate SNR when compared to (3.14).

3.3.2 OSTBC Design

STBCs originated from the goal of achieving transmit diversity with low decoding com-
plexity. Orthogonal STBCs (OSTBC) use transmitted signals from different antennas that
are orthogonal and as a result, the received signal can be equivalently written in terms of
parallel and independent single input single output (SISO) channels, which leads to very
efficient (low-complexity) decoding [75,76]. This comes at a price: OSTBCs in general are
not full rate (i.e. R = 1), where the rate is defined as the number of information symbols

sent per symbol period.
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Using the channel model described by (3.7), define S* as an OSTBC codeword of dimen-
sion L x K (antennas x symbol slots). Each OSTBC codeword draws from a set of vector
information symbols c¢* € C®X that belong to some symbol alphabet. The Alamouti code
is the best known example of an OSTBC for a two antenna (L = 2) system that achieves

R =1, whose codeword is given by (rows denote antennas, columns denote time) [58]:
(3.18)

For a general MIMO system defined by an arbitrary channel matrix H, a OSTBC scheme
decouples the MIMO channel into RK independent AWGN channels [76]. The equivalent
SISO channel model is

y' = VE|H||g ¢ +w' (3.19)

with w] ~ CN(0, Ng), w' € CRBE and y’ € CFX. The symbol PEP for ¢* — c® depends

only on the statistics of ||H||g.

Comparing (3.7) to (3.19), the channel matrix for the DBC is H = H™*D®. Thereby
the performance of OSTBC for the DBC depends solely on the statistics of |[H™*D||g.
Using the same Chernoff bound approach as for the general codebook case, the conditional

PEP bound is now written as

SNR

1
P (sa s \H”,Dm> < S exp (—4

[E D[ [|e® — Cbll%) : (3.20)

where the signal to noise ratio is defined as SNR = N% as before and we may normalize

a

|[c® — c®||3 = 1 without any loss of generality in the following.

Lemma 3.3.3. HHmDmHQF = ZiLzl 7‘?%, where r; are standard Rayleigh11 i9.d.  and
p(vi) ~T(N,1) i.i.d.

1 /x2? 4+ y2 where z,y ~ N (0, %) is standard Rayleigh distributed.
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Proof. Following the same approach as in the general case; expand the Frobenius norm
HHr:rDt:rH% — tr [Hrthth:vTerT]

N
=Y hID*D"h,
i=1

N L
=3 > D P i, (3.21)
i=1 j=1

where [hy,... hy] = H™ and the last equality follows because D' is diagonal. Setting
= D% and ~; = YN | |hyj|?, then

L
[H™“D* || = ZT’? Vi (3.22)
From the definitions of D®** and H"?, r; is standard Rayleigh i.i.d. and 7; ~ T'(V,1)i.id. O

Using (3.22), the norm in the exponent of (3.20) is replaced with a sum. Thus, the
exponential of a sum can be broken into a product of exponentials. Since the vector variables
r and v terms are mutually independent, the expectation of a product is equal to the product

of expectations:

1 SNR SNR ,
iEr,Py exp ( Z 1 2 >] HET“% [exp( 4 ’y)] . (3.23)
=1
Applying Lemma 3.3.2, E, exp (—3Br2y;) = (1 + SleRr?)iN

Lemma 3.3.4. For r; standard Rayleigh variables 2

SNR , 4 1N 4 4

Proof. Similar to the approach in [59], rewrite (1 + SH?ITRT?)_N as [S%]N (ﬁ + r%)_N.

Under change of variables, 7’12 = &;; d&; = 2rdry,

/OO i+ - ()d_/oo i+2_N _T'22‘d‘
) SNR 7“ PR\T)AT; = o SNR 'Ini e ATy
0o 4 -N ¢
= ) g
/0 <SNR+5> e dé

4 4

YPI(s,x) = [°t° 'e~"dt is the upper incomplete gamma function.
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where the last line uses the definition of the incomplete I' function [77]. The change of
variables is also equivalent to the change of variables between the square of a Rayleigh

random variable and a exponential random variable. ]

Theorem 3.3.5. Assume a (M, L, N) backscatter channel with constant CW transmit signal
across all M antennas and full channel state information (CSI) at the receiver. For an

OSTBC, the PEP can be bounded above by
p(S* — 8%) < SNR™V 4(SNR, L, N). (3.26)

Proof: Applying the independence r and ~, and the results of Lemma 3.3.2 and 3.3.4,
the final upper bound for the PEP for a (1, L, N) system is:

p(S* — 8% < % (SlilTR) ~ exp (E;ll\Tli%) r <1 — N, S;lH:{)L (3.27)
The PEP bound shares the familiar form of the (M, N) MIMO Rayleigh channel; the
SNR term raised to a negative exponent. However, the function g is monotonic increasing
with SNR, in contrast with Rayleigh channel [31] where the multiplicative factor is a con-
stant. It is anticipated that the presence of g(.) for the DBC channel will offset some of the
gain of diversity order, as compared to the Rayleigh case. Interestingly for the (M, L,1)
DBC, (3.27) is equivalent to the bound derived in [59] for the (L, 1) cascaded Rayleigh
channel but differs for N > 1. Next, we formally derive the diversity order for OSTBC over
DBC.

3.4 Diversity Analysis

The diversity order d of a system is the asymptotic rate at which the probability of error

decays as a function of (average) SNR of the fading channel, and is defined as

. log p (Sa — Sb)
4= i~ JogSNR (3:28)

Two useful facts about the incomplete gamma function that will be required, are listed.

T 1
T A (3.29)

z—0 xs S
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s—1
p Hlss2) _ @ (3.30)

ox e*

The first fact can be verified using L’Hopital’s rule, and the second fact is a standard result

of the incomplete gamma function [78].
Theorem 3.4.1. A (M,L,N) system employing OSTBC achieves a diversity order of L.

Proof. From the definition of diversity order and (3.27),

) logT' (1 — N,4/SNR)
=LN—- 1
d SNR 00 log SNR

(3.31)

To find the remaining limit, apply L’Hopital’s rule. The derivative of the numerator and

denominator follow -

dlogI' (1 — N,4/SNR) 1 (4/SNR)~™N 4 (3.32)
dSNR - T'(1 - N,4/SNR) ¢l/SNR GNR? '
dlogSNR 1
dSNR ~ SNR’ (3:33)

Hence

—N+1 o —1
lim (4/SNR) ~ hm Le-UsR [T (1= N,4/SNR)

SNR—oo  I'(1— N,4/SNR)el/SNR  SNR—oo (4/SNR)1-N

= L(N — 1), (3.34)

where property (3.29) was used. Substituting in Eq. (3.31) results in
d=LN—L(N-1)=L. (3.35)
O

A diversity of order (L) equal to the number of RFID tag antennas suggests that trans-
mit/receive antenna diversity is not beneficial in RFID MIMO over DBC, i.e., adding ad-
ditional transmit/receive antennas has no impact on the asymptotic PEP. However, since
the diversity order is only an asymptotic (in SNR) result, changing the number of trans-
mit /receive antennas does impact the PEP at any realistic SNR - which is explored next.

Re-consider the channel matrix norm in (3.21), Zle |D§‘; 2 Zfil |H]Y 2. We explore this
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quantity asymptotically with respect to N for a fixed SNR. To normalize against the array

processing gain, divide the receive signal by vV, i.e.,

L N
1 1
IR DY =\ DD Y H (3.36)
j:

1=

Corollary 3.4.2. For sufficiently large N, (M, L, N) DBC with OSTBC is equivalent (in
distribution) to a (L,1) Rayleigh fading channel with OSTBC.

Proof. Consider the equivalent OSTBC channel (3.19) normalized with respect to array

processing gain -

y' = VE/N|H™*D"||g " + W' (3.37)

Rearranging (3.36), Zle | D% 23 PR \HZ-Z?”\Q, the inner sum is the sample mean of

i.i.d. random variables. Thus, invoking the weak law of large numbers for large N yields'3

N [HEF? B 1. Hence

lim |[H*D|g & |D|p. (3.38)
N—o0
Plugging this back into (3.37)
E TTTYT a /P rT a /
FIH D [pet + w' 5 VE||D™||pc® + w'. (3.39)
which is equivalent to a MISO (L, 1) Rayleigh fading channel with OSTBC. O

A key conclusion from the above is that the dyadic backscatter channel performs no
better than the standard (L, 1) MISO Rayleigh fading channel in the limit N — oo, i.e., its
diversity order approaches that of the Rayleigh MISO case. Additionally, to benefit from
the diversity order at a reasonable SNR, the reader’s receiver requires multiple antennas;
i.e. N > 1. Thus for fixed N, the diversity order for the DBC is achieved at a much higher
SNR, as compared to the Rayleigh MISO channel, although increasing N lowers the SNR

at which the diversity order is achieved. These issues are explored in the following section.

13The notation 2 defines convergence in probability.
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SER of OSTBC with QPSK

Analytical
* Monte Carlo

SER

35

EJ/N, (dB)

Figure 3.3: Analytical bound (3.27) and Monte Carlo simulations of E;/Ny vs SER for
OSTBC with QPSK modulation. The channel model simulated is (3.19), where the receiver
has perfect knowledge of the channel state.

3.5 Performance Evaluation

In this section, we evaluate the performance of OSTBC and STTC over the MIMO DBC,
with quadrature phase shift keying (QPSK) modulation. The derived PEP bounds and
diversity order in the previous sections are compared to symbol error rate (SER) obtained
from Monte Carlo simulations.!* The performance metrics used for OSTBC are the coding
gain for a fixed SER and the threshold Es/Ny (average energy per symbol to noise ratio) at
which the (asymptotic) diversity order is achieved, i.e. the slope of —log(PEP) is within
10% of the asymptotic true value (Table 3.1); the performance metrics used for STTC are
the coding gain for a fixed SER and the diversity order (Table 3.2). The coding gains are
estimated with respect to the worse performing SER curve of Fig. 3.3 and 3.5, respectively.
These metrics are measured with respect to the Monte Carlo simulation results; except for

the diversity order threshold metric, which uses the analytical bound.

4 A1l Monte Carlo simulations and evaluations were conducted in MATLAB environment.
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3.5.1 OSTBC Ewvaluation

This section evaluates the OSTBC based designs discussed in Section 3.3.2 and 3.4. Fig-
ure 3.3 plots the analytical bound (3.27) for QPSK modulated OSTBCs, and the correspond-
ing SER Monte Carlo simulations. The pairwise error for the analytical bound corresponds

to a pair of QPSK symbols that are nearest neighbors.

The simulation does not conduct a full end-to-end encoding and decoding of OSTBC, but
instead uses the OSTBC equivalent SISO model defined by (3.19). Input to the QPSK sym-
bol mapper are i.i.d. equiprobable Bernoulli random variables and our results are averaged
over at most 4 x 107 channel instances. Figure 3.4 plots the slope of the analytically derived
—log(PEP) vs Eg/Ny. The key metrics (coding gain and threshold SNR) are summarized
in Table 3.1.

In Figure 3.3, the results show that a coding gain occurs for any increase of receive
antennas (V) - as denoted by a horizontal shift of the SER curve, and the diversity order
increases with increase of tag antennas (L) - as denoted by a change of the slope, confirming
the results in Section 3.4. For example, at SER = 107, the coding gain in increasing
N =1 — 2 (L = 2) is nearly 9 dB whereas N = 2 — 4 (L = 4) is 5 dB, suggesting
diminishing returns while increasing N. However since a tag is typically constrained for
space, there is a practical limit on the feasible values of L. So for practical systems, the
choice of N also has a significant impact on uplink reliability, because the L is fixed to small

values.

To illustrate this further, Figure 3.4 plots the numerically calculated slope of — log(PEP)
using the analytical results in Figure 3.3. The final column in Table 3.1 lists the threshold
Es/Ny at which the diversity order - determined by the number of tag antennas (L = 2
or L = 4) is achieved as N varies. Clearly, increasing N = 1 — 2 significantly impacts
this threshold value. The results suggest that two to four receive antennas would suffice in
practice to capture the full diversity order available to OSTBC.

Remark on diversity order and L, N parameters: The analytical and simulation results
present a seemingly non-intuitive result. Theoretically, multiple receive antennas are not

useful in the high SNR regime, but simulation demonstrate significant coding gains at low
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Figure 3.4: Slope of —log PEP for OSTBC with QPSK modulation, i.e. diversity order.
The analytical upper bound (3.27) is used.

to moderate SNR. To qualitatively explain this relationship, consider Corollary 3.4.2. The
OSTBC coded channel is shown to be a sum of L products of two i.i.d. random variables,
Zle \Dj? 2 Zf\i 1 |Hff 2. So there are effectively only L independent paths to transmit
information over, which limits the the diversity order to L. At low SNR, the SER is
severely affected by fades from either [D| or SN |H]?| terms. Increasing N decreases
the probability of Zf\i | [H[| being in a deep fade, but if [D?] is in a deep fade then
increasing N will not help much. Hence reliability at low SNR is improved by larger N, but

remains ultimately limited by there being only L independent paths.

We note that the diversity results described in this section were independently presented
in [60]. Additionally, they find the exact error curves for the DBC and show that the
diversity order of uncoded MIMO over the DBC is d = min(L, N). The latter explains
the observation in [19] regarding uncoded BER performance; increasing L and N results
in diversity order gains, but increasing only L or N does not improve diversity. The next
chapter - on the diversity-multiplexing tradeoff for the DBC - will explain this difference in

diversity between the uncoded and OSTBC coded case and explore the benefit of increasing
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Table 3.1: Performance Evaluation of OSTBC for the MIMO Dyadic Backscatter Channel

Coding Gain Diversity Order
Channel | (SER = 107°) | Diversity Order Threshold
(M,2,1) | 0dB 2 49dB
(M,2,2) | 9dB p 16dB
(M,4,1) | 12dB 4 52dB
(M,4,2) | 17dB 4 19dB
(M, 4,4) | 22dB 4 12dB

N at the reader.

3.5.2 STTC FEvaluation

This section evaluates STTC based designs discussed in Section 3.3.1. The specific STTC
used is the full-rate antenna delay diversity (DD) code for two transmit antennas described

in [31]. As an example, consider the DD code for two antennas with the information symbol

sequence c{,c5,...,co_;,ch. The codeword corresponding to this sequence is
a a a a
¢ & ¢ c 0
1 & & n
Se — (3.40)
a a a a
0 cf oy cp

Effectively, each antenna transmits a time delayed version of a symbol stream. The corre-
sponding trellis code for this scheme with QPSK modulation has four states and a constraint
length of two. Input to the trellis code consists of two bits (representing a QPSK symbol)
and the output consists of four bits (representing the pair of QPSK symbols transmitted by
the two antennas). While the rate of this trellis code is R = %, two inputs — four output
bits, the two antenna system transmits two QPSK symbols each time instant. Hence the
overall system has R = 1. The key performance results are summarized in Table 3.2.

In Figure 3.5, the PEP upper bound and end to end simulation results of the DD coding

scheme with QPSK modulation are evaluated for different DBC parameters. Simulation
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0 SER of STTC with QPSK

10 T T T \
(M,2,1) *  Monte Carlo
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Figure 3.5: Monte Carlo evaluated PEP bound (3.14), denoted by the solid line, and end to
end system Monte Carlo simulations of E4/Ny vs SER for STTC coded QPSK modulation,
denoted by asterisks, where the delay diversity STTC is used. The simulated channel is
defined by (3.7), where the receiver has perfect knowledge of the channel state.

results are only provided for the case of L = 2, because the decoding complexity increases
exponentially in L. To calculate the upper bound, Monte Carlo evaluation over 109 it-
erations is used to average out the random variable in the conditional PEP (3.14). The
codeword pair used to measure the codeword difference, i.e. C = (S® — SP), is chosen such
that the codewords are nearest neighbors, which implies that the PEP and the SER are
within a constant factor at high F;/Ny. To validate the PEP bound of the DD code, the
corresponding SER is obtained via Monte Carlo simulations of the DBC model described
by (3.7). The input to the STTC encoder is a random bit sequence with each bit i.i.d. as
equiprobable Bernoulli random variables. The decoder performs maximum likelihood (ML)
detection, and it is assumed the receiver has perfect knowledge of the channel matrix, i.e.
H"*D®. The channel stays constant over a frame length of 200 symbol periods. The SER
is averaged across 4000 frames. For the ML decoder, the Viterbi algorithm (VA) is used,

where the VA’s decision metric is Euclidean distance and the traceback length used is 10

15The author’s implemented their own Viterbi algorithm due to deficiencies of MATLAB’s implementation.
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Table 3.2: Performance Evaluation of STTC for the MIMO Dyadic Backscatter Channel

Coding Gain
Channel | (SER = 1073) | Diversity Order

(M,2,1) | 0dB 2
(M,2,2) | 8dB 2

times the code’s constraint length.

Fig. 3.5 shows that the diversity order of the Monte Carlo simulation results match the
diversity order of the PEP. As for OSTBC, the diversity order of STTC is determined solely
by the number of tag antennas. The PEP result of the L = 4 DD code shows that its
corresponding diversity order should be four. Lastly, the results in Fig. 3.5 demonstrates
that increasing the number of receive antennas (N) results only in higher coding gains;
suggesting that STTC based designs should follow the design recommendations similar to

that of OSTBC.
3.6 Conclusion

This chapter presents OSTBCs and STTCs for the dyadic backscatter channel (DBC), with
multiple antennas at RFID tag and reader. Our results show that the maximum diversity
order is solely quantified by the number of tag antenna (L). However, the number of receive
antennas (V) affects the coding gain and the SNR threshold at which the maximum diversity
order is achieved. A RFID reader only needs two to four receive antennas and one transmit
antenna; additional receive antennas provide diminishing gains. The most effective way to
improve the DBC link reliability is to increase the number of tag antennas.

With regards to space-time code choice, OSTBCs achieve the maximum diversity order
with linear decoding complexity, while STTCs achieve the same diversity order but have a
much higher decoding complexity because STTCs require Viterbi decoding. Although both
schemes do share linear encoding complexities, which can be implemented using digital state

machines. So from the tag’s perspective both code types are practical options, but decoder
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cost at the reader remains a factor in the overall design. Both of these code designs can
utilize standard QPSK or high order modulations schemes, which have been implemented

on passive RFID tags [79].
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Chapter 4

DIVERSITY MULTIPLEXING TRADEOFF FOR DYADIC
BACKSCATTER CHANNEL

4.1 Introduction

Unlike the AWGN channel, the wireless fading channel cannot meet arbitrarily low proba-
bilities of error by increasing a code’s block length [18]. As such, the ability of any MIMO
coding scheme to simultaneously achieve a desired code rate (multiplexing gain) and reli-
able communications (high diversity order) in a fading channel is bounded by the Diversity-
Multiplexing Tradeoff (DMT) [32]. The characterization of the DMT curve is determined
by the channel’s fading statistics, so it is necessary to recalculate the DMT for new channel
fading models. While the DMT for the (M, N) Rayleigh fading channel is fully character-
ized [32], the corresponding result for the (M, L, N) dyadic backscatter channel is presently
unknown, to the best of our knowledge. Using the original problem formulation of the
Rayleigh DMT, and results used to characterize the DMT of the double scattering MIMO
channel [80], this chapter characterizes the DMT for the dyadic backscatter channel.
Recall the canonical (M, N) MIMO Gaussian channel is defined by

y = VSNRHx + w, (4.1)

where w ~ CN(0,1) and Tr{ E[xx']} = 1 and the fading channel matrix H elements follow
a suitable statistical characterization. With channel information only at the receiver, the
capacity for a single channel instance of H is logdet(I + SNRHHT) [81]. For short range
backscatter systems with a small number of antennas on the tag, it is reasonable for the
receiver to acquire channel state through pilot symbols.

In the sequel, we assume the sender has no channel state knowledge and the receiver
has full channel state knowledge. The sender transmits a codeword with rate R(SNR) and

incurs average probability of error p.(SNR). At high SNR, the performance is quantified
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by two metrics, multiplexing gain (r) and diversity order (d) [32]

R(SNR) pe(SNR)

— li e - 4.2
SNRoo log SNR | SNReo log SNR (r) (42)

The optimal tradeoff is defined as d*(r) = supd(r), the supremum of the diversity order
over all possible schemes achieving a multiplexing gain of r, [32]. In other words, for a
system with R(SNR)=rlog SNR, the corresponding probability of error is no better than
pe(SNR)=SNR~% (") The notation = denotes exponential equality, f (x)=g(x) if

1 1
i 08 f(@) _ . logg(z) (4.3)
z—oo  logx z—oo logx

So for high SNR, SNR™% (") is an effective first order approximation for pe(SNR).!
Following the steps first taken by [32], the multiplexing gain is bounded by the ergodic
channel capacity [81] of the fast fading MIMO channel

C(SNR) = Ey |log det(I + SNR HH' )] . (4.4)

At high SNR, the ergodic capacity can be approximated by C(SNR) ~ min(M, N) log SNR,
and hence r < min(M, N). To achieve the ergodic capacity, a codeword must be averaged
over many channel instances, which may not occur in practice with coherent narrowband
systems. In a slow fading channel, the transmitted codeword experiences a single channel
realization, thus the probability that a codeword with rate rlog SNR is in outage is given
by [81]

Pout (SNR) = p (1og det(I + SNR HH') < rlog SNR) . (4.5)

Corresponding to the diversity order, the outage probability exponent is defined by

. log pout (SNR)
hm e ——
SNR—oo  log SNR

= —dou (7). (4.6)
For a fixed multiplexing gain 7, the relationship between the outage exponent and the
diversity order is described next.

As discussed in [32,80], suppose det(I + SNRHH') has a pdf p(a) defined by a vector

[a1, g, ...] = a. If this pdf has a high SNR approximation

p(a)=SNR™(®), (4.7)

The operators < and > are defined similarly.
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then pout (SNR) can be approximated by the integral

SNR ~dout(r) = / SNR™“¥da (4.8)
O(a,r)

over the outage set O(a, r) such that log det(I+SNRHHT) < rlog SNR for a single instance
of H. For sufficiently large SNR, doyt(r) can be approximated

dout (1) = Oi(gfr) e(a). (4.9)

via Laplace’s method [82], as used by [32,80]. This work assumes that the solution to (4.9)
solves for the corresponding doyut () for the DBC.

Note that the outage probability serves as a lower bound to the average probability
of error, i.e., pout(SNR)< pe(SNR), for a codeword with an arbitrary block length K [32].
Block length K is defined as the number of symbols periods required to transmit a space-
time codeword, for example, the Alamouti code [58] has K = 2. For sufficiently large K,
Pout (SNR)=p.(SNR), hence, dout(r) = d*(r).

The remainder of this section are organized as follows. Sec. 4.2 calculates the DMT
tradeoff function doyt (7). Sec. 4.3 derives the block length requirements for dou(r) = d*(r)
and states the optimal tradeoff curve d*(r), which is the primary novel contribution of this
chapter. Sec. 4.4 discusses how the DMT (an asymptotic metric) correlates with perfor-

mance in the finite SNR regime.

4.2 Evaluation of doyu(r)
The signal model for the (M, L, N) DBC is
y = VSNRH™D%x + w,

where H™D is defined as in (3.7). Note that x is the signal backscattered by the RFID
tags. Evaluating the spatial multiplexing gain r is straight forward. The matrix H**D%

has rank equal to min(L, N) with high probability, so in the high SNR limit the channel
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capacity [32]

C(SNR) = E |log det(I + SNR DthHrXTH“DtX)]

min(L,N)
~ min(L, N)log SNR + Z Ellog \;]
i=1
=min(L, N)log SNR, (4.10)
where the A\; > Xy > ... are the non-negative ordered eigenvalues of D¥* H™*IH™*D*

Consequently, the multiplexing gain satisfies 0 < r < min(L, N) Since the outage probability
depends on the statistics of a random matrix, we first provide a necessary definition and

lemma relating to random matrices.

Definition 4.2.1. Define the m x m matric W = GG where the columns of G € C™*"
are i.i.d. CN(0,X) vectors. Then W follows the Wishart distribution Wy, (n, X) [83].

Lemma 4.2.2. [80,83] Suppose W ~ Wy, (n,X). Definea; > az > ... > aq > 0 as the non-
negative, ordered eigenvalues of W where ¢ = min(m,n). Define by > by > ... > by, >0 as
the ordered eigenvalues of 3. For n > m, the joint pdf p(a) of the ordered eigenvalues of
W is given by

m m
Ko Det [e*“f’/ bi] T e Z = Zj —
% i=1 1<j e/
and p(a) form >n
m 1 n
vanDet(E) H 2 b H(al — CLJ’) (4.12)
i<j Ot T T g
’thh E 1 1
1 pm—n— pm—n—
Lo T s s
i b%iﬂ*l bmfnfl
L . R v )

K n and Jp 5 are normalizing (positive) constants. Observe that the joint distribution of

a depends only on the eigenvalues b of 3.

Following the analysis used by [32], the outage probability of the DBC is

p(log det(I + SNR D*TH™TH™D™) < rlog SNR). (4.13)
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Using well-known results for the matrix determinant -

min(L,N)
det(I+ SNRD™H™H™D™) =[] (1+SNR), (4.14)
i=1

where \; is defined as before. Using the method described by [32], the eigenvalues of
the channel matrix related to the outage probability for a given spatial multiplexing gain.
Assume a; = —log \;/log SNR, so that A\; = SNR™ and a3 < ag < .... Each product
term in the determinant can be written as 1+ A;SNR=SNR! )" where ()" = max(0, z).

The outage probability in the high SNR regime is approximated by
min(L,N)
Pout(SNR)~p | J] SNRUI-*)" <SNR"|. (4.15)
i=1
Define A = {«] Z?:T(L’N)(l —a;)T <r,aq1 <ag <...} as the set of o that cause an outage
and p(a) as the joint pdf of the eigenvalues A; under the change of variables to «;. The
outage probability is given by the integral

Pout (SNR) — /A p(a)da. (4.16)

Evaluating the above integral in closed form is difficult because the distribution p(a) is
unknown. Similar to the work on DMT of the double scattering channel [80], it is easier to
find a joint distribution p(e, 3), whose pdf can be expressed in closed form, and solve for
(4.16) over both a and 83, which avoids the explicit calculation of p(cx).

For a fixed D¥ and random H™ the columns of G = D™ H™! are iid Gaussian
vectors with the correlation matrix D¥*D®™!. Therefore GGT, for fixed D¥*, generates a
Wishart matrix (defn. 4.2.1) with distribution W (N, D¥*D®) and p(A|D*) follows the
distribution of the eigenvalues of a Wishart matrix given by lemma 4.2.2.

Define the ordered eigenvalues of D¥*D¥™ as py > pp > ... > pur > 0. Let 3; =
—log 115/ log SNR, then p(a|B) ~ Wi (N, D¥*D%!) under the proper change of variables.
Combining the known results on the distribution of p(e|3) [80] and deriving the distribution
of p(B), the joint distribution p(e,3) can be expressed in closed form. Using Bayes rule,
the outage probability (4.16) is equivalently written as [80]

Pout (SNR) = /Ame(a,,B)dBda. (4.17)
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where B = {f8; < ... < fr}. (4.9) will be used to approximate this integral in the high
SNR regime. Next we find €(a, 3) such that p(e, ,B)iSNR_G(aﬁ).

Since D™D is diagonal matrix, the eigenvalues equal the diagonal elements. Each
element, DI DI¥* follows the exponential distribution with parameter 1 and are iid, so the

ordered eigenvalue distribution is

L
p(p) = L' exp [— Zuz] 7 (4.18)
i=1
and under a change of variables, the high SNR approximation to the pdf in terms of 3 is
p(B)=SNR~ Zit1 B (4.19)

for all non-negative, i.e. 8; > 0, otherwise p(3) — 0 exponentially.

dout(r) - N > L Case:

Lemma 4.2.3. For N > L, the joint distribution p(a, 3) has the high SNR approximation
plax, B)=SNRE =1 ~(L=N)Bi=(N—Lt1)o;
. SNRE —(L=i)(i—Bi) gNRE i< — (i —Bi) T (4.20)
if ; > Bi,a > 0,3 >0 - otherwise p(a, B) decays to zero exponentially.

Proof. See Appendix C.1. O

Since (4.20) decays exponentially if the constraints in lemma 4.2.3 are not met, that
range of values can be excluded from the outage integrand (4.17) without affecting its high
SNR, approximation [32,80]; this reduces the sets A and to B to A’ = {a| X (1 — o)t <

(4.20), we may write p(c, B)=SNR™*#) where

r,0<oa; <...<ap}and B ={B\Vi, 5; <y, 1 <...< L, Bi > 0}, respectively. Using

L L
e, B) =) (i—N)Bi+ (N +1— i) + Y (i = ;)7 (4.21)
=1 1<j

Using (4.9) the outage probability (4.17) is evaluated by SNR™%u¢(") where the exponent

dout (1) is obtained as the result of the following optimization

dout (1) = O(‘ilnﬁfs Y e(a, B) (4.22)
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and O(a, B3,7) = A’ N B'. Observe that e(a, 3) is decreasing for increase in 3;, and recall
that 8; < ;. So for any «, €(a,3) is minimized by choosing f; = «;. Rewriting the

optimization in terms of only « yields
L
dout(r) = inf Z o
i=1

L
subject to: » (1—a;)T <7, 0< oy <...<ay (4.23)
=1

The minimum occurs when 3% (1 — a;)t = 7, or equivalently L —r = 3% a; given

0 < a < 1. The corresponding outage exponent is
dowt(r) = L — . (4.24)

dout(r) - L > N Case:

We employ the same strategy as the N > L case to find doyt (7).
Lemma 4.2.4. For L > N, the joint distribution p(c, B) has the high SNR approzimation
plat, B)=SNR~ X0 (L=N-1)8i GNR= it B gN R~ Xl
. SNR~ S N (L—1)Bi SNRZf<j BiSNR™ PRI

CSNR™ Zici(@i=B)t oNp— TN Sk (=Bt (4.25)
ifV1<i< N, a; >, a>0, B3>0 - otherwise p(a, B) decays to zero exponentially.

Proof. See Appendix C.2. O

Since (4.25) decays exponentially if the constraints in lemma 4.2.4 are not met, that
range of values can be excluded from the outage integrand (4.17) without affecting its high
SNR. approximation - reducing the sets A and to B to A’ = {a| > (1 — a;)t < r,0 <
ap<...<anyland B ={BV1<i<N, 3 <a; /1 <...< B, B >0}

As before, the terms in the exponent of (4.25) in lemma 4.2.4 can be expressed as the

function
N N+1 L
(o, B) =) (N—i+Da;+ > (i—-N)Bi+ > Bi
i=1 i=1 i=N+2

N N L
Y (i =BT+ > (=Bt (4.26)

i<j i=1 j=N+1
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dout(r) is given by the solution to the optimization problem (4.22) over the outage set
O(a,B,r) = A NB. To solve this optimization problem, first, find the B that minimizes
e(a, B) for any fixed «, and finally, solve for the optimal c.

The components of e(c, 3) that depend on B’ = [Bny1, ..., BT are

L N L
ST B+Y D> (=Bt (4.27)

i=N+1 i=1 j=N+1

For any «, it will be shown that 3 = ay1;_y minimizes the above.? Suppose 1, < ay,

then the contribution of the g, terms to (4.27) is

N
Br+ Y (i = Br)7, (4.28)
=1

otherwise for 87, > ap, the above reduces to Sr. To minimize the above it is necessary that
ZN 1( — )T =0, and due to the ordering of «;, S, = ay is the minimization solution.
The same logic can be recursively applied to 37,_1,...,8nx41 to show that 3 = ayl_y is
sufficient to minimize (4.27).

Substituting 3 = an1y_n back into the original equation results in

Mz

6(0(,61,...,/6]\[): N_Z+1)al+(L_N)aN+

=1

Mz

N)B; + Z (4.29)

z:l 1<J
Asin N > L case, € is decreasing in increasing ;. Therefore, choose o; = 5;, V0 < i < N.

The reduced minimization problem in terms of only « is now

dout () = inf Z a;+(L—N+1ay

N
Subject to: 2(1 —a)t<r, 0<ay<...<ay (4.30)
i=1

In the objective, the term with the largest coefficient () should be minimized first before

reducing the remaining terms. To satisfy the ordering constraints of «; while minimizing

21y represents an all 1 column vector with dimension N.
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ay, it is necessary to set a; = anyVi € [1, N — 1]. Setting Vi a; = a, a dummy variable
where 0 < a, the objective is minimized when the constraints are met with equality i.e.

N(1—a)" =r. The corresponding solution is

dows (1) = L(1 — 7/N). (4.31)

4.3 DBC DMT

Codeword Length Considerations:

The dout(r) serves as an upper bound to the optimal tradeoff d*(r). To show that
dout(r) = d*(r) for certain cases, we apply the union bound method used by [32] in the
Rayleigh DMT calculation. The error event can be expressed as the union of two exclusive

events

pe = p(error|outage)pout + p(error and no outage), (4.32)

Since the goal is to prove pe<pout, consider the following upper bound
Pe < Pout + p(error and no outage). (4.33)

An error occurs from either the channel being in outage or the additive noise causes an
error despite the channel not being in outage. The latter can be driven to an arbitrarily
small value by extending a code’s block length towards infinity, however, for a finite block
length, p(error, no outage) may dominate the outage probability poyt.

Since an outage event does not occur, i.e. logdet(I + SNRHHT) > rlog SNR, the
multiplexing gain is constrained by r > >".(1 — a;)*. Define the no outage set as A" =
{a] ZiL:l(l —a;)T >7,0< a1 <... < ouinr,N) ) similar to the definition of A’. Using the

joint distribution of p(e, B), the p(error and no outage) is bounded by [32]

p(error and no outage)i/ SNR“@RgNR KX~ ]34 q (4.34)
A//mB/

As in [32], this integral is evaluated using (4.9), by finding the a, 3 that minimize the
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exponent given that the channel state is such that the system is not in outage, i.e.

dy(r) =inf €(c,8) + K[> (1 —a;)t —7]

(2
Subject to: a; >6;; 0< a3 <as <...

min(L,N)
0<B<B<..; > (l—a)t>r (4.35)

i=1
As before, this optimization can be written in terms of only a by finding the optimal 3
terms first.

Case N > L, the minimization

L L

inf Y "oy + K[> (1—a;)" =] (4.36)

i=1 i=1

subject to the constraints in (4.35). If K > 1, then the minimum occurs when ZiL:l(l —

a;)T —r = 0. Therefore dy(r) = L —r, i.e. the same solution as the outage exponent (4.24).
Case L > N, we have

N-1 N
inf » " a;+ (L— N+ 1oy + K> (1—a)t —71] (4.37)
i=1 i=1

subject to the constraints in (4.35). If K > [L/N, then the minimum occurs when sz\il (1—

* —r =0, which gives the same solution as the outage exponent (4.31).

Ozi)
Returning to the upper bound on error probability (4.33) it can be seen that if the code
block length K meets the above constraints, then the upper and lower bounds are tight,

per below [32]:

Pe(r) <SNR~dout(") 4 SNR 40 (")

—SNR~dout(r) (4.38)

since dout(r) = dy(r). Hence, the probability of error can be upper and lower bounded by
dout (1), which proves d*(r) = dout(r). Our desired result is summarized in the following
theorem 4.3.1. Note that the code length constraint must be met for d*(r) = dout(r).

Main Result and Discussion:
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Figure 4.1: (M, L, N) DBC and (L, N) Rayleigh Channel Diversity Multiplexing Tradeoff -
the curves are plotted for L =5, N = 3.

Theorem 4.3.1. For a (M, L, N) dyadic backscatter channel with code length K, the opti-

mal DMT curve d*(r) is given by the linear function

e N>Land K >1

d'(ry=L-r, 0<r<L (4.39)

e N<Land K >[L/N]

d*(r)y=L(1—-r/N), 0<r<N (4.40)

Proof. The diversity order exponent doyu(r) is derived, for both cases, in Sec 4.2 at (4.24)
and (4.31). The argument posed by (4.38) establishes the block length restrictions such
that dous(r) = d*(r). O

Fig. 4.1 illustrates the tradeoff for the two cases, and as comparison, it plots the Rayleigh
DMT for a system with the same antenna configuration. Effectively, the DBC DMT is
a linear function connecting the points L and min(N, L) on the d(r) and r axises. For

comparison, the (L, N) Rayleigh channel DMT is characterized by the piece-wise linear
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function with the corner points as d*(r) = (L — r)(IN — r) for integer values of r; see
theorem 2 of [32]. The results reveals some interesting new characteristics - while the
PEP bounds and diversity order results in Chapter 3 suggest that an increase in receive
antennas N has no asymptotic benefits, the DMT proves this is not the case. First for
N < L, increasing N has multiple effects. It improves the maximum multiplexing gain
while increasing the reliability d*(r) for 0 < r < N. So while the diversity for » = 0 remains
unchanged, it improves for all other r. Additionally, increasing N reduces the length of the
space-time code required to achieve the optimal DMT. This explains why diversity gains
are feasible in the DBC without any space-time codes, because for N > L, coding only over
space (antennas) is sufficient to achieve the optimal d*(r). These results agree with prior
work [60] that reports a maximum diversity of min(N, L) for space only codes - for L > N

a (M, L, N) system cannot have worse performance than a (M, N, N) system.

Increasing N beyond L appears to only have a minor impact in system performance;
diversity or spatial multiplexing gains remain bounded by L. This is in clear contrast to
the Rayleigh fading channel, where increasing N provides substantial diversity order gains
(up to LN) for small values of r. While the DBC can offer the same range of multiplexing
gains as the Rayleigh channel, the DBC lacks capability to offer the same level of reliability.
Essentially, the DBC is more likely than its Rayleigh counterpart to encounter fading, but
DBC does not suffer from the loss of rank as found in keyhole or pinhole channels. These
DMT results suggest that a system with L = N will strike a balance in performance (diver-
sity and multiplexing) and complexity/cost, which also agrees with the recommendations

by [60).

Lastly, the case for which d*(r) is not solved for is L > N with K < [L/N] - we highlight
this as a case that will not occur commonly in practice. Due to space constraints on a RFID
tag, it is unlikely for L > N to occur in most situations, and the code length constraint
remains small for any practical occurrence of L > N. This characteristic is different than
(M, N) Rayleigh case, where the code length increases as M + N — 1 [32]. So deriving the

remaining case for d*(r) may not offer much practical guidance in choosing L and N.
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Figure 4.2: Monte carlo evaluation of (4.42) for the (M, 4,2) DBC. The slope of the diversity
curve and 7 log(1+ gSNR) is evaluated at 17.1dB for different multiplexing gains r, and the
corresponding optimal DMT is denoted by d*(r).

4.4 DBC DMT - Finite SNR Regime

While the DMT is originally defined as an asymptotic metric, it is still useful to quantify the
behavior of the multiplexing and diversity order gains at realistic values of SNR. Existing
work [84] on the Rayleigh and Rician MIMO fading channels derive a practical lower bound
to the outage probability with respect to the multiplexing gain. Coupled with simulations
to verify the bound, these results indicate a significant gap between the asymptotic DMT
curve and what can be achieved in practice. This section builds on the results of [84] and
formulates the finite SNR DMT for the DBC and provides results derived from simula-
tions, however, developing a closed form to the lower bound is outside of the scope of this

manuscript.

The multiplexing gain and diversity order have the following corresponding metrics in
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finite SNR [84]:

R(SNR)

= . 0 logpout(SNR)
~ log(1 + gSNR) ‘

0log SNR

d(r,SNR) = (4.41)

For small SNR, detlog(I + SNRHH') ~ log(1 4+ SNR|/H||%.), so a fair value to choose for
the array gain is g = E[||H||%] = LN [84]. The outage probability is redefined slightly,

p(det log(I + SNRHH') < rlog(1 4+ gSNR)), (4.42)

in order to account for the new definition of multiplexing gain.

Monte Carlo evaluations of (4.42) over a range of SNR and for various r represent the
main new contributions of this section. Fig. 4.2 plots the outage probability for the (M, 4, 2)
DBC for various multiplexing gains r. Similar to the Rayleigh case [84], only a fraction of
the diversity order is achievable at reasonable SNR, and the diversity order worsens as the
multiplexing gain is increased. So to achieve high spectral efficiency with high reliability,
backscatter communication will require significant time or frequency diversity; both of which
may be a challenge for narrow band backscatter systems. Lastly, these results confirm the
conclusion of the asymptotic DMT analysis - that DBC is primarily limited by reliability

(vulnerability to fading) rather than code rate (multiplexing gain).

4.5 Conclusion

The diversity-multiplexing tradeoff offers new insight on the performance of MIMO RFID
systems. Compared to the Rayleigh MIMO channel, the DBC supports the same range of
spatial multiplexing gains but with substantially less diversity (reliability). Increasing the
number of tag antennas always improves the diversity, and it also improves the multiplexing
gain if L < N. Previous analysis of the DBC focuses mainly on the maximum diversity
order, which suggests the the number of receive antennas has little impact on performance.
To the contrary, the DMT indicates improved diversity for any increase in IV if N < L and
the multiplexing gain is non-zero. The minimum space-time code length required by the
DMT also decreases as N increases. For N > L, space only codes are sufficient to achieve

the entirety of the DMT curve.
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There still remains open questions with respect to RFID MIMO systems, namely, how
to code the reader’s continuous wave (CW) transmission to improve diversity. The assump-
tion of constant CW transmission results in the statistical equivalence of the (1, L, N) and
(M, L,N) dyadic backscatter channels. It would be interesting to see if coding the CW

transmission (without channel state knowledge) can improve diversity.
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Chapter 5

HYBRID-ARQ IMPROVEMENTS FOR EPC GEN2

5.1 Introduction

Compared to most modern wireless communication standards (e.g. cellular and WiF1i), the
Gen2 protocol is relatively simplistic in its design. During nominal operation, RFID tags
are first identified with a frame slotted ALOHA (FSA) [28] random access scheme. A RFID
reader transmits a query command, and each RFID tag will randomly choose whether to
respond with a 16 bit random number (RN16) or to stay silent. After an error free response
by a tag, the reader ACKs the RN16 by retransmitting the sequence. The corresponding
tag responds with its electronic product code (EPC, up to 528 bits in length) or payload.
The reliability of the tag’s EPC is insured by a cyclic redundancy check (CRC) and a stop
and wait Automatic Repeat reQuest (ARQ) protocol. If the CRC fails, the reader ACKs
the RN16 again, and the tag retransmits its payload. If the RN16 is decoded incorrectly
or a collision occurs, no attempt to recover is made; the reader progresses to the next slot.
Fig.5.1 illustrates this process as a state transition diagram.

Improving the efficiency of either the FSA random access scheme or the EPC trans-
mission will increase the average tag read rate. Much of the existing work has focused on
incremental improvements to the FSA algorithm [85], and previously there has only been
little attention paid to the physical and media access control (MAC) layer design of the
EPC transmission. A simple retransmission scheme using BCH codes is proposed by [86],
but fails to address signaling overhead and uses only hard decision decoding. Varying the
tag’s symbol rate to control the link quality is proposed by [87], but no error correction
is considered. Other work considers sophisticated multiuser detection and error correction
based on belief propagation to improve link throughput [88], however, their system differs
greatly from Gen2 and focuses on experimental results.

In parallel to this work, the application of coding to RFID systems has received increased
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Figure 5.1: State transition diagram of EPC Gen2 RFID tag singulation.

attention. The application of the Alamouti space-time codes [58] concatenated with BCH
codes offer both improved diversity and coding gains [89] as compared to only coding gains
for a single antenna tag [90]. The work most similar to this chapter is [91],} which proposes
and analyzes ARQ and HARQ schemes based on forward error correction (FEC) codes simi-
lar to those discussed in the remainder of the chapter. Nearly all the work on applying FEC
to RFID treats the FMO0/Miller modulation and the FEC code as independent, however, it-
erative joint decoding using the Turbo principle offers modest coding gains [92]. Lastly even
for the standard EPC Gen2 system, the CRC-16 appended to each EPC message has the
capability to correct single bit errors and some double bit errors [93], which has immediate
practical use because it requires no changes the Gen2 protocol.

The purpose of this chapter is to show low complexity and small improvements, in regards
to FEC and ARQ), to the EPC message of the Gen2 protocol, which result in increased read
rates and robustness to varying SNR. The proposed changes to Gen2 have a limited scope,
and the FEC encoder/decoder algorithms used in this work are mature and widely used in
industry, so modifications are ready for implementation in future tags and readers.

Hybrid ARQ (HARQ) [94,95] is a subfield in communication theory that studies the

!This work was developed parallel and independently of our own.
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codesign of FEC and ARQ algorithms. In general there are two types of HARQ, chase
combining (CC) [96] and incremental redundancy (IR) [97]. CC is the maximum likelihood
(ML) combining of identical ARQ retransmissions. Effectively, CC behaves as a simple
repetition code. IR sends additional parity bits of a FEC on each ARQ retransmission, so
an incrementally lower rate code is used with each retransmission. These IR FEC codes
are constructed using a coding technique called rate compatible puncturing (RCP) [98],
which allows for efficient encoder and decoder constructions. We investigate the benefit of
HARQ CC and IR methods with respect to the baseline Gen2 protocol, and describe what
protocol changes are needed for RFID to use HARQ. Our innovation is demonstrating how
to use existing digital communication techniques that are practical and beneficial for RFID

Systems.

5.2 System Model and Baseline Performance Analysis

5.2.1 Gen2 System Model

This section develops a mathematical model that captures EPC Gen2’s main modes of
operation. The EPC Gen2 protocol is reader driven, where a reader command is transmitted
for a tag to respond. A delimiter, a frame sync, and a variable length sequence of symbols
comprise a reader command message. Each of these elements are generated by Pulse Interval
Encoding (PIE) of the reader’s continuous wave (CW).2 Within a fixed amount of time
following a reader’s command, a tag chooses whether to respond to the reader’s command
based on the state transition diagram in Fig 5.1. A tag’s response consists of a known
preamble sequence with good autocorrelation and a binary encoded (Miller sub-band or
FMO) information sequence, which depending on the reader’s command is the RN16 or
EPC message. We assume the tag’s preamble is sufficient to detect the presence of a tag
response over a wide range of SNR. Based on the tag’s response, the reader decides on which
command to issue next. We assume that the reader’s commands are always decoded error

free by all tags.

2We defer the specifics of these elements to the Gen2 standard document, because they remain unchanged
in this work.
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Figure 5.2: Timing diagram for 4 key scenarios: tag read success, empty RN16 slot, RN16
collision, and a EPC retransmission. The time periods listed above are derived from the
Gen2 standard document.

Since this work is interested in the average tag read rate, we shall only consider two reader
commands (QueryRep and ACK), and the two corresponding tag responses (RN16 and EPC
response). Before requesting a tag’s EPC with the ACK command, the reader must first
identify the tag through a FSA process. Multiple tags might experience a collision during
their QueryRep response, because FSA is a random contention based algorithm. To simplify
analysis, we assume collisions always result in an incorrectly decoded RN16. After decoding
a RN16, the reader echoes the decoded random 16 bit sequence with a ACK command.
If the RN16 message was decoded error free by the reader, then the corresponding tag
responds with its EPC message.?> The payload integrity is checked by a 16 bit CRC, and if

the CRC fails the reader can request for a retransmission from the tag by repeating its ACK

3The EPC message consists of a 16 bit protocol control (PC) bits, 496 bit stored product code, and a
CRC-16.



75

VP Bit 0 Bit 1 /P

012w 1w 0 1/2U" 1w

—r 7P

Figure 5.3: Backscattered waveforms from the tag for coherent BPSK signaling with power
P. The signaling frequency is W and The SNR of either symbol is WLNU'

command. Fig. 5.2 illustrates multiple scenarios of the tag and reader query processes.

The time between a reader command and a tag response (77) and the next reader
command (7%) are taken from the response times stated in the Gen2 standard; the lengths
are 10 and 20 tag symbol periods respectively. For the scenarios where a tag fails to respond,
it is assumed that it takes the reader Ty seconds (length of an RN16) to correctly detect
the absence of the tag. To simplify notation, the time for certain reader and tag actions are
denoted as follows. The time for the reader to transmit a QueryRep and the time to allow
for a tag to respond is

Ty = Tqr + 11 + Trn + To. (5.1)

The value is the same for a collision free slot, a slot with collisions, and an empty slot. The

time for a reader to transmit the ACK* and the tag to respond is
TepC = Tack + 11 + Trpc + Ta. (5.2)

Lastly, the time for the reader to transmit an incorrect ACK and to detect the lack of a
response by a tag is

X = TACK =+ T1 + TRN =+ TQ. (5.3)

The specific values of these reader and tag response times are derived from the Gen2 stan-
dard document.?
To offer different bit error of performance across a range of SNR, the tag must vary

its symbol rate. Lower symbol rates allow the reader’s receiver to reduce the received

4The ACK response by the reader is variable in time because of the different lengths of the ‘0’ and ‘1’
PIE symbols. So we use the averaged length over all possible 2'® ACK sequences.

®This analysis considers the link timings for uplink symbol rates from 58.125 KHz to 465 KHz.
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noise power but at the expense of raw throughput. Conversely, increasing the symbol rate
improves the raw throughput but the received noise power increases. The two types of
binary encoding used by Gen2, Miller and FMO, have similar performance when normalized
against their energy per symbol, and their performance is comparable to differential binary
phase shift keying (DBPSK) and orthogonal signaling [33]. To further simplify the model,
we shall instead assume coherent antipodal modulation binary phase shift keying (BPSK);
Fig. 5.3 defines the bit ‘1’ and ‘0’ waveforms. We assume that the channel state is perfectly
estimated through the tag’s preamble sequence, so differential modulation is unnecessary.

The system SNR is defined with respect to an operating frequency of 465KHz (TRCal =
17.2pus), where SNR = W,LNO, W' = 465KHz and P is the fixed signal power at the reader’s
receiver.® Thus, increasing or decreasing the symbol frequency W manifests as a linear SNR
gain defined by v = W’/W. The received signal at the reader can be readily modeled as a
BPSK with additive white Gaussian noise (AWGN),

y = \/7SNRz + w (5.4)

where y € C, x € {—1,+1}, w ~ CN(0,1). The BER for an uncoded signal is”

pe = Q(v/27SNR). (5.5)

The remainder of this work shall use (5.4) as the received signal model.

5.2.2 Baseline Throughput Analysis

The figure of merit is the average number of tags read per second at a fixed SNR value.
Since the Gen2 standard dictates a fixed symbol rate across all tags, the reader cannot
dynamically adjust the link’s reliability to varying channel conditions. Consequently, only
the choice of symbol frequency and the tags’ link SNR determine the average throughput.
We shall consider the case with identical link SNR for all tags in order to illustrate the
deficiencies of EPC Gen2 and the potential of HARQ algorithms.

5Ny is the power spectral density of thermal noise.

"Define Q(z) = [° \/%e_azﬂda.
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As discussed previously, EPC Gen2 uses FSA to first identify tags by their RN16 and
a stop and wait AR(Q mechanism to reliably recover its EPC payload. FSA consists of
a frame divided into a fixed number of time slots, and after each slot, the reader either
acks a collision free RN16 to trigger a EPC transfer or the reader signals the start of the
next FSA slot. At the start of each frame, the reader broadcasts the number of slots in a
frame N, and the K present tags choose at random a slot index from 1 to N. When the
reader announces the slot index chosen by a tag, the tag responds with its RN16. At the
completion of the current frame and the start of the following frame, the same group of K
tags continue participate in new frame irregardless of previous success of failure.

Following basic results of random processes, the throughput can be written in terms of
transmission length of the RN16, the EPC, and their corresponding probabilities of error.
Define R(t) = Zij:(? R;, where U (t) is the number of successfully transmitted frames in the
interval (0, ¢], R; is the number of successfully read tags in the i-th frame, and L; is the time
duration of the ¢-th frame. Lastly, the statistics of each frame is independent and identically
distributed (iid), so R; and L; are iid. The average throughput (7°) can be written using a
renewal reward process (Thm 3.6.1 [99])

L R(t) . E[RZ]
7=t T = B

(5.6)

Each frame has N slots and every tag chooses to transmits its RN16 in one randomly chosen

slot. The expected number of tags read in a single ALOHA frame is [100]
E[R] = (1-&n)K(1—1/N)E1 (5.7)

where 1 — Egn = (1 — p.)'0 is the probability of decoding the RN16 correctly.

The duration of each frame is the summation of the time spent:

R;
L; = NTrN16 + Z Vitepc + (B; + C;)7x, (5.8)
j=1

where Vj is the number of transmissions to decode the j-th tag correctly, B; is the number
of incorrectly decoded RN16s, and C; is the number of RN16s that experience a collision.
From linearity of expectations E[L;] is calculated by finding the expectation of each term

of the sum.
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By Wald’s equation [99], the expected number of EPC transmissions that occur in the

entire frame is

E | V;| = E[R]E[V}] (5.9)

The distribution of Vj is geometric with parameter 1 —Egpc, where 1 —Egpc = (1— pe)??8 is
the probability of decoding the EPC message correctly. The expected number of incorrect
RN16s is

E[B;] = EgnK (1 — 1/N)K-L, (5.10)

Since the RN16 has no error detection protection, a collision is likely to generate a RN16
detection but with an incorrectly value. The probability that a slot is empty or has only a
single message is (1 — 1/N)X + £(1 — 1/N)K~1. The marginals for each slot is identical,
so the number of collision slots can be written as a sum of Bernoulli random variables with
probability 1 — (1 — 1/N)K — £(1 - 1/N)K-1 je.,

E[C]=N (1 —(1-1/N)¥ - % (1— 1/N)K—1> (5.11)

Finally, the expected time for a frame to complete is

E[R;|TEpC

FE\L;|=N
[Li] TRN + 1~ Sopo

+ (E[Bi] + E[Ci])mx (5.12)

To further simplify E[R;] and E[L;], consider the approximation (1 —z)¥ ~ e~*¥ for small
x [28]. Denote G = %,
E[R;] =~ (1 — Ern)NGe ¢ (5.13)

and

E[C]~ N1 —e ¢ —@Ge . (5.14)

The N and K terms can be canceled and replaced with generalized parameter G, which
describes the offered load per slot. Bringing these results together, the average throughput
is

(1 — ERN)NGe_G
Nrgy + BEidmere 4 (B(B)] + E[C))7x

1-&epc

T:

(5.15)

In most ALOHA style random access systems maximal throughput occurs at G = 1,

however, the reader may mistake collisions as valid RN16s and transmit spurious ACK
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Figure 5.4: Comparison of the baseline Gen2 protocol and the CRC enhancement that can
detect RN16 collisions. The tag’s symbol frequency is operating at 465KHz.

messages. S0 G should be slightly smaller than 1 in order to reduce the number of collisions.
Numerically, the impact of optimizing over G is rather small since the reader can recover
from an incorrect ACK rather quickly, so for simplicity, we set G = 1 throughput the
remainder of this work.

One simple enhancement adds a cyclic redundancy check (CRC) to the RN16, which
allows the receiver to easily detect collisions and incorrectly decoded RN16s. A practical
choice is the 5 bit CRC already utilized by the reader’s downlink command [27], which
provides a probability of undetected error of at least 275 [98], and thereby nearly eliminating
incorrect RN16 ACKs by the reader. The timing and error probability values are adjusted
to account for the additional symbols, and the contributions of B; and C; are removed. So

the expected time for a frame to complete is now
N7y + NGe (1 — &rn)(1 — Egpc) trepe, (5.16)

which is shorter as compared to the standard frame duration (5.12). Applying the same
renewal process argument as before, the average throughput is rewritten as

(1— ERN)GG_G
RN + Ge= (1 — Ern) (1 — Erpc) ~LrrPC

Tere = (5.17)
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Fig. 5.4 illustrates the tag read rate throughput for baseline Gen2 case (5.15) and the
CRC enhanced case where the collisions are perfectly detected (5.17). Despite the added
overhead of the CRC, throughput is slightly improved. The remainder of the this work shall

use the CRC enhanced throughput as the baseline to measure against.

5.3 A RFID Based HARQ Protocol

HARQ protocols can be described as a subclass of rateless codes, which are defined as codes
with no fixed rate. The code construction allows the rate of the code to automatically
adapt to the channel capacity. Defined formally, a rateless code has the property of that
the prefix of any codeword remains as a valid codeword but at a higher rate [101]. Under
this architecture, the sender can continuously generate codeword symbols until the receiver
is able to decode the message error free, and the receiver can then instruct the sender to
stop transmitting. This section describes how a HARQ protocol can operate with respect to
RFID and develops a theoretical limit on the performance of any HARQ or rateless coding
scheme within the context of EPC Gen2. Specific HARQ examples are discussed in Sec. 5.4
and 5.5. Note that we assume the length of the EPC is fixed and known to reader and as a

running example we use 528 bits. This issue is addressed in Sec. 5.6.

5.8.1 Protocol Description

As described in the previous section, the tag performs retransmissions based on feedback
(in the form of ACKs) from the reader. For the feedback to occur, the reader and tag do
not utilize the channel while decoding the received signal at each retransmission (see T} and
T5 in Fig. 5.2). These wasted timing gaps can be removed by leveraging properties unique

to non-active RFID systems.

RFID is unique with regards to how the tag uses the reader’s CW to backscatter its
signal. Since the tag does not actively generate its own RF signal, it is feasible to sense the
the presence of the reader’s CW during backscatter operation. So instead of transmitting

a fixed length response and then waiting for the reader response, it has been previously
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Figure 5.5: HARQ protocol showing 3 attempts by the reader to decode the message. The
reader CW label indicates that the CW is on when the bar black and off when white. The
label Pr represents the tag’s preamble.

proposed that the tag continuously backscatters symbols until the reader blanks® the CW
for a brief interval [88]. Effectively, feedback from the reader to tag can operate in full
duplex mode rather than half duplex. While the blanking commands can be misinterpreted
at the tag due to changes in channel fading, the PIE coding of the reader’s commands
suffers from the same issue. This type of signaling was also demonstrated experimentally
by [88]. In contrast to [88], our contributions focus on analytical results and evaluating the
suitability of using HARQ algorithms within Gen2.

The protocol algorithm is defined as the following. After the tag undergoes successful
contention resolution via FSA, the tag receives a ACK message from the reader that matches

its corresponding RN16. The tag shall

1. start backscattering its preamble and then its coded message. The symbols are con-

tinuously generated.

2. On its own discretion, the reader attempts to decode message as more symbols are

collected at the receiver.

3. Once the CRC succeeds, the reader sends the ‘blanking’ command to the tag.

4. The tag stops backscattering and the reader initiates another QueryRep round.

8The blanking period can be on the order of 12.5 — 25us. We assume it can be incorporated within the
existing gap between the tag’s message and the reader’s response.
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Fig. 5.5 illustrates this protocol starting after the initial ACK. Note that it is up to the
reader to chose when to start decoding the message and how often to retry the decoding

process.

5.8.2  Information Theoretic Limit on the Protocol

The performance limit of any HARQ or rateless coding scheme can be established through
the use of a perfect capacity achieving code for the EPC component of the tag’s transmission.
It is well understood that the random coding strategy used by the capacity limit derivations
is also a rateless code [101]. So the channel coding capacity limit serves as an optimistic

bound on the proposed protocol’s performance.

The number of symbols it takes to decode the EPC is the message size (our running
example is 528 bits) divided by the channel capacity C (bits/symbol). The amount of time
required to exchange the ACK and EPC message is now

1 528

Note that the preamble consists of 18 symbols and remains unchanged from standard Gen2.
With regards to (5.17), the term mgpc is replaced by mya and the EPC probability of error

term is removed. Thereby resulting in

(1-— ERN)GB_G

Te ~ .
¢ TRN + Ge‘G(l — ERN)THA

(5.19)

The preamble sequences and the RN16 frames remains unchanged, because the message

length is far too short to assume the existence of a code that can achieve capacity.’
We consider two practical channel capacity results: BPSK and AWGN. A closed form
of BPSK capacity is not available, but it can be readily calculated through numerical in-

tegration techniques [46]. Following the system model described by (5.4) with v = 1, the

9Theoretically, reliable channel codes are constructed over an infinitely large block size; this work defers
to the classic Shannon capacity results.
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capacity is!® [46]
CBPSK = max I(X; Y) (5.20)
p(X)
=1- / H(X|Y = y)p(y)dy bits/symbol. (5.21)

Where the input distribution is chosen to be p(X = +1) = p(X = —1) = 0.5. At high
enough SNR, the constellation size limits the capacity to 1 bit per symbol.
The capacity of the AWGN channel follows that of the classic Shannon result, where the

channel model has no constraint on the constellation size
Cawan = logy (1 + SNR) bits/symbol. (5.22)

Where the input distribution is chosen to be Gaussian distributed, CA/(0,1). The Gaussian
codebook scheme has no limit in constellation size, so the capacity grows unbounded with
SNR. These two bounds are discussed with respect to the different HARQ strategies in the

following sections.
5.4 Hybrid ARQ: Chase Combining

5.4.1 System Description

CC is defined as the ML combining of repeated packet transmissions (FEC coded or un-
coded) [96], which effectively make it rateless repetition code. For simplicity we only eval-
uate CC for an uncoded EPC. While CC can operate on either bits or symbols, we shall
only consider CC across symbols since it has the better performance of the two.

After the tag receivers the reader’s matching ACK command, the tag continuously
backscatters copies of its EPC until the reader tells it to stop. An example of the tag
sending three repetitions of its EPC is demonstrated in Fig. 5.6. Following the reader

receiver model (5.4), each received packet can be written in vector form

Vi = % -+ s (5.23)

10Capacity is defined in terms of information theoretic quantities. H(X) = Ex[—log, p(X)] is the entropy
of a random variable and I(X;Y) = H(X) — H(X]Y) is the mutual information [73]



84

Signal to
Reader CW stop\
Rzl  R=1)2 R=1/3

————— e S T e s |

- :
Pr l EPC Copy 1 EPC Copy 2 EPC Copy 3

—— — — — — — — — — —

Channel \ 1 /

+
L Combined Packet

Figure 5.6: A HARQ CC example that requires three EPC frame transmissions for successful
decoding. At each decoding attempt, the reader soft combines the previous transmissions.

where ¢ € 1,2,... refers to the i-th transmission of the EPC and y;, x;, w; € C" and n is the
number of symbols sent in each EPC copy. ML decoding follows standard BPSK detection
of the signal

1 M
Y =17 z; Vi, (5.24)
1=

where M — 1 is the number of repetitions by the tag. The effective coding rate is 1/M and
the probability of bit error at the M-th transmission is Q(v/2M~SNR).

A key practical observation is that CC can be implemented without changing the Gen2
standard. Instead of discarding each of the retransmissions of stop and wait ARQ, they can
be combined in the same manner described above. Lastly, CC is implementable on the tag
with no major change of the on tag memory requirements, because the message is simply

repeated from the tag’s memory.

5.4.2  Simulation Results

Our simulation methodology is to find the expected number of symbols required for correct
decoding of the EPC at varying levels of SNR. Define Sgc as expected number of symbols
needed to correctly decode the EPC message at a fixed SNR. The expected amount of time

to complete one EPC round is

1
Tcc = Tack + 11 + W (18 + Scc) + Ta. (5.25)
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Figure 5.7: Tags read per second vs SNR for standard Gen2 at varying W values, HARQ
CC operating at 465KHz, and the BPSK/AWGN capacity bounds. The SNR is taken with
respect to a symbol with power P and period 1/W where W = 465KHz.

The expectation Scc is obtained by Monte Carlo simulations over 1000 iterations. Used in
conjunction with the analytical throughput model derived at (5.19), where Tcc replaces T4
The expected tag throughput is plotted in Fig. 5.7. Our derived tag read rate (approximately
500 tags per second) is comparable to claims by industry [37].1!

The results demonstrate the main problem with the current Gen2 protocol. There exists
an almost binary effect in terms of read rate throughput. If the SNR is above a certain
threshold, the throughput quickly saturates. Increasing the SNR has no additional benefit.
Similarly, if the SNR is below a threshold the throughput quickly drops to zero.

The CC scheme enables a graceful decline in throughput over a range of 15dB in SNR,
despite no changes to the RN16 reliability. For moderate SNR, CC outperforms standard
Gen2 by a large margin but a sizable gap between CC and BPSK capacity remains. At
low SNR, CC begins to approach the BPSK capacity bound. The AWGN capacity bound

UTndustry reports up to 1000 tags per second at a higher link frequency of 640 KHz and possibly with
smaller EPC message sizes than our 528 bits.



86

suggests that higher order constellations might only be beneficial in medium or high SNR
systems, but at low SNR, BPSK modulation should be sufficient.

5.5 Hybrid ARQ: Incremental Redundancy

5.5.1 System Description

In IR HARQ the sender first transmits a high rate code, and if the transmission is unsuc-
cessful additional parity bits are sent until decoder success [95]. For implementation and
practical reasons, the high rate code is constructed by puncturing'? a low rate mother code.
Puncturing removes a subset of the parity bits, and the receiver, knowing which bits are
absent, has the decoder treat the punctured bits as erasures [98]. The mother code is the
code that all the punctured versions are derived from, which allows the sender and receiver
to use a single encoder and decoder.

The lowest rate of a punctured code is the base rate of the mother code. So to achieve
lower code rates, a common approach is to use repetition coding after the lowest base rate
has been reached. Fig. 5.8 demonstrates an example of using additional IR and repetition
coding. After each incremental parity stage, the receiver combines any previous repetitions
and attempts to decode.

The operation in Fig. 5.8 is written mathematically by the following. Suppose a;, b;, ¢c;,d;, e;
are the received signals for the first to fifth IR stages at the i-th repetition. The receiver
decodes by

(a1 +az)/2
(b1 +b2)/2
cq — Viterbi Decoder (5.26)
d;

€]
The IR scheme used in this work is derived from a set of well understood RCP convolution
codes (RCPC codes) [1]. For convolutional codes, the additional complexity required by the

encoder at the tag is manageable because it operates sequentially, has little state memory,

12Please see [1] to better understand how code puncturing is done. For brevity, we skip this description.
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Figure 5.8: A HARQ IR example where multiple IR stages and CC stages are necessary.
The blue and red outlines mark the copy of the packet that each IR stage belongs to. The
reader attempts to decode at the end of each IR stage.

Code | Coded
Punct Bits

Information _|
Bits

Figure 5.9: The encoder circuit used by the RCPC code simulated in this work. A stream of
binary bits are fed into the encoder and then punctured. One input bit generates 4 output
bits to the puncturing block. Each element labeled with D represents a delay memory
element and & is the XOR, operation.

and only requires bitwise operations. To minimize on tag memory usage, the coded bits can
be calculated on the fly during each IR stage transmission. Fig. 5.9 depicts of the encoder
circuit used in this work, which illustrates the simplicity of the decoder and its suitability
for implementation in hardware. The encoder has a memory of four, so the corresponding
decoder uses a 16 state trellis. The decoder is based on the Viterbi algorithm, so there

exists well optimized implementations ready for use by the reader.

Punctured codes can have a wide range of offered rates, but for simplicity we choose

from a set of five rates: %, %, %, %, %. Table 5.1 lists the code generator polynomials and the

different rates, dgee, and puncturing patterns.

While there exists better performing RCP variants (near capacity achieving) for Turbo
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Code Polynomial
23, 35, 27, 33]
Rate & dgee | Punct. Pattern | Rate & dgee | Punct. Pattern
1111 0111 1111 1111
8 1000 1000 2 1010 1010
Rate = 9 0000 0000 Rate = 3 0000 0000
dree = 2 0000 0000 dfree = 4 0000 0000
1111 1111 1111 1111
1 1111 1111 1 1111 1111
Rate =35 | 0000 0000 Rate=3 | 1111 1111
diree = 7 0000 0000 diree = 11 0000 0000
1111 1111
1 1111 1111
Rate = 3 1111 1111
diree = 15 1111 1111

Table 5.1: RCPC Code polynomial with memory 4, puncturing patterns with period 8, and
corresponding dgee [1].

codes [102], the block lengths required to achieve high performance is quite large. Addition-
ally, the encoders and decoders are significantly more complicated as compared to RCPC
codes. We only consider RCPC codes, because RCPC performance is already quite close to

the capacity bound.

5.5.2  Simulation Results

We perform the same methodology used by the HARQ CC section to calculate the average
throughput for HARQ IR. The RCPC code encoder and decoder are simulated within
MATLAB using the trellis encoder and Viterbi decoder provided by the Communication
Toolbox. The Viterbi algorithm uses the log likelihood ratio (LLR) of each received symbol
as the branch metric. Punctured symbols are initialized with a LLR of 0, and as additional
redundancy is received, the LLR values are updated.

Our simulation results, Fig. 5.10, show that RCPC codes are sufficient to achieve a large
fraction throughput capacity in terms of tags read per second. These results prove that a

simple HARQ IR scheme can greatly improve the reliability of EPC Gen2 with only 1-bit
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Figure 5.10: Tags read per second vs SNR for HARQ IR with RCPC codes. The SNR is
taken with respect to a symbol with power P and period 1/W where W = 465KHz.

feedback from the reader (blanking signal). The encoders and decoders both have low cost
in terms of energy, hardware, and engineering effort to implement in future tags and readers.

Although, note that the throughput is slightly lower than CC case and the BPSK bound,
because the highest rate code used is a rate 8/9. To overcome this loss, it is possible to
either slightly increase the tag’s symbol frequency (W) or use a systematic RCPC code.
The code used in this work is non-systematic. Using less puncturing stages, such as four
instead of 5, results in less granularity in performance. Since five stages appear to achieve

capacity, we do not believe any additional puncturing stages will be of any use.
5.6 Variable Length EPC

5.6.1 System Description

The previous protocol designs assume that message length is already known to the receiver.

Without explicitly knowing the message length, it is not possible for the receiver to decode



90

Pr | Len [ Coded Bits| Len | Coded Bits| Len |codedsits Vlterl?|
Decoding
Fixed Symbol

Figure 5.11: The variable length HARQ protocol inserts the length field periodically into
the stream of the coded EPC symbols. To decode the EPC, the receiver uses the estimate
of the length field. Each retransmission of length field provides the reader with a better
estimate.

the message. For packet based wireless systems, a possible application for RFID, it is not
always practical to have fixed length packets. In this section, we describe a method that
insures reliable transmission of the length field while maintaining the rateless property of
HARQ.

The length field and the EPC are coded using separate encoders and are both transmitted
continuously. Every B transmitted symbols, the length field is repeated. The B symbols
between each repetition are composed of the symbols generated by the EPC HARQ); either
CC or IR HARQ can be used. The receiver first performs CC of the repeated length fields
to remove any bit errors. Fixing the repetition to occur periodically on the number of
symbols allows the receiver to know what symbols to correctly combine. After estimating
the packet’s length field, the decoder attempts HARQ decoding of the EPC. Until the CRC
succeeds, the receiver continuously updates its estimate of the length field and attempts to

decode the EPC. Fig. 5.11 illustrates the protocol operation.

5.6.2  Variable Length Sitmulation Results

Simulations of the RCPC codes follow the same methodology described in the previous
section. The key difference is the length field is no longer protected by the FEC. Reliability
is achieved through repetition coding/chase combining. While there is some inefficiency
with repeating the length field, the additional cost is low because field only has 5 bits; the
entire EPC message can be up to 528 bits.

To simplify our simulations, we take advantage of our assumption that the message
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Figure 5.12: The throughput is plotted for multiple EPC sizes ranging from 528 bits to 144
bits. The SNR is taken with respect to a symbol with power P and period 1/W where
W = 465KHz. The repetition period for the length field is B = 250 symbols.

CRC check is perfect. The simulation first repeats transmission of the length field until it
is decoded correctly. It is assumed if the length field is not decoded correctly, the entire
EPC message will always fail the CRC. Once the length field is correctly decoded, all of the
symbols up to that point are collected and the decoding algorithm for HARQ IR begins.
Most practical receivers will probably not try decoding on every length field repetition, since

the receiver could wait until it has a reasonable probability of correct detection.

The results, Fig. 5.12, show that this scheme has little to no performance lost when
compared to the case where the length is already known to the receiver. The system
still operates within less than 3dB from the capacity bound. So the absence of length
information does not inhibit HARQ in any practical fashion, as it can be recovered before

the main message is decodable.
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5.7 Conclusion

The results presented in this chapter suggest that HARQ or rateless protocols can greatly
improve the reliability of RFID tag reading for a wide range of SNR. Since RFID can
experience channel fading effects, this is a critical improvement. For WSN systems, this
improves spectral efficiency, and for logistic systems this enables better object identification.

To implement these HARQ improvements, changes on both the reader and tag are
necessary. The additional requirements to the reader are relatively minor. For CC, only
some additional signal processing for combining the repeated packets will be required. For
IR, the reader will need to use the Viterbi algorithm to decode the RCP codes. The tag will
have to support the encoders for CC and IR, and have the circuitry to detect the reader’s
‘blanking’” messages that tell the tag to stop backscattering.

Future work should investigate how to improve the throughput in the high SNR regime
via high order constellations. Possible methods for additional throughput enhancements

may include BICM [103], strider codes [104], or spinal codes [105].
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Chapter 6
INCREMENTAL REDUNDANCY FOR FRAME SLOTTED ALOHA

6.1 Introduction

6.1.1 Background & Motivation

Since RFID tags cannot coordinate with other tags, a random access protocol is used to ar-
bitrate channel access between tags. The random access scheme used by Gen2 is reservation
frame slotted ALOHA (FSA), a variation of slotted ALOHA (SA) [28]. In FSA each round
of random access is divided up into a frame containing N slots, where the frame length is
set by the reader at the start of each round. In one frame instance a tag chooses a single
slot to transmit its reservation request, which consists of a random 16 bit number (RN16).
If the RN16 is decoded error free by the reader, the reader ACKs the RN16 on the downlink
and the corresponding tag transmits its EPC payload contention free. If the RN16 cannot
be decoded error free (e.g. a collision occurs), then that particular tag must wait till the
next frame to attempt a reservation again. The efficiency of the random access protocol is

important for RFID and backscatter systems for the following reasons.

e High user density: A typical scenario in RFID tagging applications involves a reader
attempting to read tagged objects as quickly as possible. Looking at future applica-
tions of RFID, backscatter communication is being considered as a physical/link layer
for the Internet of things, which may involve many sensors attempting to communicate

with a central data fusion node [20-22].

e Narrowband limited: Due to their simplistic modulator design [7] and limited energy
availability, backscatter based systems are primarily limited to narrowband operation

around the reader’s carrier frequency.

e Short message lengths: In the Gen2 standard, the tag’s electronic product code length
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varies between 96 and 512 bits [27]. Also for wireless sensor networks, each sensor
may only have handful of bits of sensory data to transmit, and the length of connected
sessions may be short. So the gains of using reservations instead of standard ALOHA

are limited, as compared to wide area cellular networks with persistent data sessions.

e No channel sensing: For most short range wireless systems, carrier sense multiple
access (CSMA) is a simple and effective method to avoid collisions [28], however,

RFID tags only have a crude receiver [15] that can sense only tags in close proximity.

Next, we discuss the current performance limit of FSA and the Gen2 protocol.

Consider a scenario with K tags and a frame size of N slots. With the average system
load defined as G = K/N, the optimal average throughput (in terms of RN16s) for FSA
converges to Tpsa = Ge~¢ as K — oo as shown in Chapter 5. If K is known then the
throughput optimal choice in frame size is K = N, which gives Tpga = e~! [106]. In terms
of performance, FSA and SA are nearly identical in advantages and drawbacks, although
terminating a frame slightly improves the throughput of FSA [107,108]. The Q algorithm, as
mentioned in the Gen2 standard, is a variation on FSA that enables the reader to terminate
and restart a frame with different lengths. This algorithm allows the reader to quickly adapt
the frame size if the tag population size K is not known to the reader [109]. Similarly, work
on Bayesian approaches to FSA attempts to find a good estimate of the tag population size
based on previous collision slots, empty slots, and success slots [110,111]. Effectively, the
Q algorithm and Bayesian methods are capable of achieving efficiencies close to e~ !, the
maximum efficiency for fixed frame sizes.

To go beyond the e~! limit imposed by the FSA protocol, it is necessary to investigate
more sophisticated schemes. Intuition on how to approach the problem can be drawn from

the two main draw backs of FSA:

e slot collisions are destructive and irrecoverable and empty slots are wasted time;

e transmissions and retransmissions are independent of each other.
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A successful slot only occurs if one user accesses the medium during that slot, any more or
any less results wasted resources. Furthermore, the knowledge of past failures do not change
the outcome of future transmission, because the next transmission event occurs independent
of past events. FSA has poor performance, in terms of throughput and variation in load,
because the successful transmission event is an unlikely corner case in the random access

process. In general the probability of success and failure for a FSA is

p(Success) = %(1 —1/N)E-1 (6.1)
p(Empty or Collision) =1 — %(1 —1/N)E-L (6.2)

Clearly it is not possible to drive p(Empty or Collision) to zero for any choice of N.

Two recent advances make progress in solving the ALOHA collision problem: coded
ALOHA and sparse-recovery based multi-user detection. Coded ALOHA is a modification
of FSA that allows interference cancellation between slots and retransmissions drawn from
a pseudo-random Bernoulli process [112]. The scheme has also been extended for frameless
case [113]. While the efficiency is improved over FSA, the protocol’s efficiency is sensitive
to the offered load G.

The area of multi-user detection (MUD) has received much attention in the context of
spread spectrum or code division multiple access (CDMA) networks, although, the primary
goal of the research was to reduce the detection complexity in terms of the number of
users [114]. In classic CDMA scenario the receiver knows the users’ identities and their
corresponding spreading sequences, so the receiver’s main challenge is mitigating the inter-
user interference. While MUD does improve the throughput in random access systems
[115,116], it requires knowledge of the active users’ code sequences. So called blind CDMA
receivers still require knowledge of the desired user’s spreading sequence [117]. In contrast
to CDMA, the RFID reader’s receiver has zero knowledge of what tags participate in a
collision.

Recent work on CDMA examines the detection problem from a sparse signal point of view
[118,119], which draws on the research activity from the compressive sensing community.
The receiver tries to detect the presence of a few spreading sequences out of a set contain

many possible spreading sequences, and it has been recognized as a possible approach to the
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random access problem [120]. In practical scenarios this approach has been experimentally
studied at the system level by [121] for asynchronous communication links and by [88] in
the context of RFID. Although [88] focuses on the overall system performance and it does

not specifically isolate the performance of the random access portion of the protocol.

6.1.2 Contribution & Organization

The system of focus in this chapter is a reservation random access protocol called incre-
mental redundancy for frame slotted ALOHA (IR-FSA), where error correction codes handle
collision resolutions as opposed to a retransmission in a future time slot. Similar protocols
have been discussed by [115,122-124], but depend on either perfect channel knowledge at
the receiver or the ability to estimate the channel state prior to decoding the active users.
Another similar work [125] uses random codes as an error correction code and orthogonal
matching pursuit to decode, which have inefficient encoders and the decoder has exponential
complexity. Our focus is a to analyze the performance of IR-FSA under the condition of
zero channel state knowledge at the receiver except for time synchrony between transmit-
ters, and to investigate the performance of a Reed-Muller error correction code as a practical

code construction for IR-FSA.

Sec. 6.2 first describes the TR-FSA protocol and its corresponding signal model. To
quantify the theoretical performance of IR-FSA, Sec. 6.3 uses results on sparsity recovery
[126] to develop a throughput and capacity model for IR-FSA. Sec. 6.4.1 presents the random
access channel from a compressive sensing point of view and argues that compressive sensing
algorithms offer the signal processing toolbox to implement the MUD decoder required
by IR-FSA. In order to address the high computational complexity of most compressive
algorithms, Sec. 6.4.2 proposes the use of rate compatible Reed-Muller codes as an error
correction code for IR-FSA. Lastly Sec. 6.5 presents simulation results and compares the
performance of the Reed-Muller code against recent work on RFID tag collision resolution

[127-129).
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Figure 6.1: IR-FSA frame, slot, and sub-slot structure. Each sub-slot contains new parity
symbols to assist the receiver in decoding colliding transmissions.

6.2 System Model & Protocol Description

Consider a framed transmission protocol with each frame is decomposed into N logical time
slots (indexed from 1 to ) of variable length kT symbol periods (k is a variable positive
integer). RFID tags access the channel following a random access procedure similar to FSA,
as described within Gen2. At the start of each frame, each of K present tags choose a single
slot index, at uniform random, to transmit their RN16. Tags cannot coordinate with each
other prior to transmission, so like ALOHA, it is possible for multiple tags to collide within
a single time slot. Additionally, the tags are time synchronous with the reader, such that
the start of each slot is dictated by the reader. For example, the tags transmitting in slot
s must wait for the announcement of the start of slot s by the reader. This synchronous

behavior is necessary, because the length of each slot will vary based on a slot by slot basis.

A slot’s length is determined by the capability of the reader to correctly resolve the
colliding tags within the current slot, and the length is variable, because the number of
colliding tags varies randomly on a slot by slot basis. Suppose each slot is divided by time
into multiple sub-slots of length T symbols, and the tags within each sub-slot transmit a
block of symbols as shown in Fig 6.1. The reader attempts to decode the tag’s transmission
after each sub-slot, and if decoding is successful, the current slot ends and the next slot
starts. If decoding is not successful, the reader signals for an additional sub-slot symbol
block, or it gives up to start the next slot. Any unsuccessfully decoded tag will wait until

the next frame to reattempt its transmission.
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Figure 6.2: Example of IR-FSA decoding a collision with 3 sub-slot transmissions, and
IR-FSA failing to decode the collision, thereby resulting in M sub-slot transmissions.

In order for the subsequent retransmissions in each additional sub-slot useful to the
decoder, the symbols need to contain new information about the message. Simply repeating
the same sequence in each sub-slot will reduce the thermal noise power, but will not reduce
the interference between the colliding users. The framework of hybrid-ARQ incremental
redundancy (HARQ-IR) protocols maps to the concept of sub-slot backoff in a natural
fashion. Suppose each tag assigns their reservation message (RN16) to a codeword with
rate R and length MT symbols, where M is the maximum number of sub-slot transmissions
allowed. Assume R and MT are chosen such that there are a total of D possible messages
or log D bits in a message. The codeword is broken into M separate chunks with T" symbols

each.

The transmission block of message ¢ in sub-slot £ is x; 3, € CT, where the collection of
sub-slot transmissions x; 1, ..., x; ;s makes up the entire codeword. Additionally, the code
has a rate compatible structure, such that x;; is a valid codeword of rate M R, x; 1 and X; 2
make up a valid codeword of rate (M — 1)R and so forth. The signal received at the reader

in slot s and sub-slot k is y, € CT, which is the superposition of the colliding users and
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AWGN wy, € CN(0, 1)

Vi = Z hiXik + Wi (6.3)
1€As

The set As denotes the index set of active tags in slot s. An illustrative example of both a

successful and failed collision resolution is shown in Fig. 6.2.

Since a wireless channel is subject multi-path effects, a h; € C models a random phase
rotation and amplitude scaling. For simplicity, assume the channel follows a flat fading
profile over the entire length of a slot. The SNR for tag transmitting message 4 is defined
at the symbol level p; = |h;|?/o2. It is assumed the receiver has no knowledge of A, and

hi, but the receiver has perfect symbol timing knowledge.

In general for most wireless systems, the assumptions of flat fading and symbol level
synchrony in a multi-user system are not correct. Either mobility or local oscillator offset
will generate a time-varying channel state, and furthermore, varying distances from the
receiver will void the assumption of time synchrony between users. This type of system
from a RFID point of view does not share the same difficulties as a general wireless system.
With a single active reader, tags all share the same carrier frequency, because each tag
modulates the reader’s carrier wave via backscatter modulation [7]. The message sent over
the random access channel is short, so the channel state is unlikely to change over a single
slot. Time synchronous transmission is a valid assumption, because RFID can only operate

in short range scenarios.

Lastly, the RFID receiver encounters a large constant offset due to the simultaneous
transmission of its carrier frequency and reception of the tags’ backscatter signal. A simple
method to remove the offset without complex channel state estimation is to restrict a tag’s
backscatter waveform to have zero mean, so a simple match filter will remove the constant
offset without any impact on detection performance. The Miller and FMO encodings cur-
rently used by Gen2 [27] already utilize a simple zero-mean waveform, i.e. +1 and —1 for

the first and second halves of the symbol duration.
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6.3 Information Theoretic Performance Analysis

If the set of active tags As and channel states h; are known to the receiver, then the channel
model described previously is essentially the classic multiple access channel (MAC). For
which there exists a host of MUD techniques that can achieve good performance [114,130,
131] and established mathematical tools to analyze the achievable channel capacity [73].
Protocols similar to IR-FSA have been analytically studied by [115] and [124] under the
assumption of channel state knowledge, although, a true random access system these states
are unknown to the receiver, thereby greatly increasing the difficulty of quantifying the
actual capacity of the random access channel [120]. Recent results relate the MAC to a
sparsity recovery problem [126], and under similar constraints of the random access channel.
Their results provide sufficient conditions for correct detection as the message size goes to
infinity. A similar approach is used by [120] to analyze the performance of slotted ALOHA
(without retransmissions), but here we focus on modeling the performance of IR-FSA.
Since the results of [126] are proven only for a real valued channel model, consider the
equivalent of the IR-FSA channel model (6.3) in the real domain. Assume the symbols
for codeword in each sub-slot x; are generated by an iid A(0,1) distribution, and the
codewords are known to receiver. At the first sub-slot, the received signal is
yi= Z hixi1 + wi, (6.4)
i€As
where the receiver does not h; and Ay, but for now assume the receiver knows the number
of active users A = |A;|. If there are D possible messages and A users transmitting in
the first sub-slot, then the sufficient condition to reliably recover all users within the first
sub-slot is [126]
Dliﬁmoo sup lngDD < q(h) (6.5)
with the sub-slot length T scaling with D and ¢(h) as a constant defined by
) 1
a(h) = min 7 log (1 + Z pi> . (6.6)
ieF
The typical worst case scenario for MUD is equal receive power for all users, which effectively

maximizes the interference caused between users. For p; = p; Vi, j € A,, it can be shown
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that ¢(h) = log(1 + Ap)/(2A) with p as the shared SNR. Correspondingly, the sufficient
condition for successfully detected all A users in one sub-slot is " > 2Alog D/ log(1 + Ap).
Since Alog D is the effective sum-rate of all the messages, the sufficient condition says the
MAC without channel state knowledge has a capacity of log(1 + Ap)/2. Interestingly, this
is the capacity of the symmetric Gaussian MAC with channel state knowledge [73]. The
lack of channel state does not impact the capacity of the MAC in symmetric case, and for
the general case [126] suggests it does not affect the capacity in a meaningful way.

If the sufficient condition is not met, then it is assumed the receiver detects that it
cannot resolve the collision and requests the next sub-slot. Since the codewords at each IR
stage are generated by a iid random process, they form a rate compatible code or rateless

code [132]. Therefore the sufficient condition for correctly decoding by sub-slot k is
kT > 2Alog D/log(1 + Ap), (6.7)

and if this cannot be met by the last sub-slot & = M then no messages are decoded.
Effectively, the receiver requires an order of Alog D symbols in order to decode all of the
users. For the remainder of this section, assume the result of (6.7) holds for the original
complex valued signal model, i.e. the 2 factor in (6.7) is removed.

Choosing the sub-slot length to be on the same order of log D/log(1 + pmin), such that
the receiver can decode a single message at some minimum SNR threshold ppi,. Clearly if
two sub-slots are used, then at least two messages can be reliably decoded, and so forth for

general A as shown by
log D - log D
log(1+Ap) ~ log(1 + pmin)”

(6.8)

Using this result, the throughput of IR-FSA is reasonably approximated by the following
collision-MUD model.

e A users accessing the channel requires A sub-slots to decode the collision.

e A > M cannot be decoded and M sub-slots are wasted in the decoding attempt.

e K = 0 uses one sub-slot.



102

While in practice multiple messages may be decoded in a single slot, it is difficult to capture
these scenarios when analyzing the throughput at the protocol level. Instead, this simplified
model enables straight forward throughput analysis of the IR-FSA protocol and it has some
theoretical justification.

To analyze the aggregate throughput of the IR-FSA protocol, consider the saturated
case - every tag has a new message to send at the start of each frame regardless of previous
attempts and successes. The collision probability between the users is dictated by the ratio
of users to frame size G = K /N, which the reader dictates at the start of each frame. Under
the saturated condition, the length of each frame and the number of tags decoded per frame
are jointly independent between frames. Therefore the average throughput (7°) follows the

renewal-reward equation [99]

BT = Yo (6.9

where S is the number of successful messages per slot and L is the length of a slot. Therefore,
NE[S] is the average number of successful message detections per frame and N E|[L] is the
average length of a frame. Unlike the original throughput analysis for MUD capable FSA,
it is necessary to capture average frame length frame length due to time varying back-off of
the sub-slots.

As long as the number of users colliding in a slot is no greater than M, then the decoding
all the messages is successful. The number of users colliding in a single slot follows the

binomial distribution, hence, the expected number of successful users in a single frame is
M i K—i
K 1 1
E[S] = ' — 1——= . 6.10
9-3(0) (5) (%) 610
The length of each frame is defined by the summation of the number of sub-slots used by
every slot in a frame. As discussed previously, only a single sub-slot is used if zero or one

users access than channel, A sub-slots are used if A < M, and M sub-slots are used if

A > M. The expectation is evaluated as

= (1-5) 5 () () (%) 2 (D) (-7)"
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Figure 6.3: Baseline throughput of FSA and IR-FSA for M = 2,4,8. The curves are
evaluated with a total tag population of K = 100.

Lastly, it is important to note that throughput never exceeds one message per channel
use due to the channel capacity assumption of allowing at most one message detection per

channel uses in a slot.

The average throughput (6.9) is plotted in Fig. 6.3 for different values of G and M. As
illustrated by the figure, IR-FSA outperforms FSA in two key ways - increased throughput
efficiency and improved tolerance to load variation. While increasing M = 1 — 2 doubles
the efficiency over FSA, the gains for larger M substantially drop off. For example, M = 8
achieves more than 95% useful utilization of the channel. FSA remains efficient only when
G = 1 or near 1, however, IR-FSA offers high efficiency of a much wider range of G. In
the case of M = 8, efficiencies of near 90% are met for loads approximately ranging over
1 < G < 6. Just increasing the receiver’s MUD capability to M = 2 offers substantially

improved performance for moderate and high loads.
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6.4 Multi-User Detection Model

This section first will describe the compressive sensing model for the random access chan-
nel, and how it supports the IR-FSA protocol described in Sec 6.2. Secondly, theoretical
performance guarantees on correct recovery [119] are discussed and related to the infor-
mation theoretic modeling in Sec.6.3. Lastly, the application of punctured second order

Reed-Muller codes for computational efficient MUD is discussed.

6.4.1 Compressive Sensing Viewpoint

Compressive sensing (CS), in general, seeks to recover a high dimensional sparse vector by
using as few as measurements as possible [133]. The random access channel was first rec-
ognized as an equivalent CS problem by [120], where the high dimensional sparse vector is
the message space and the measurements are the received codeword symbols. As discussed
by [120], a CS framework is able to address the short-comings of the information theoretic
MAC analysis of the previous section. Primarily these short-comings are the assumption
of arbitrarily long message lengths and little insight on how to design practical encod-
ing/decoding algorithms. On the other hand the CS field provides a set of rich set of tools
to tackle MUD in a random access setting and has been active area of research [118-120].

The received signal model for the random access channel is [120]
Y. =X;Hv+w (6.12)

where Y, € C*T is a set of received symbols, X, € CFI'*P is the codebook matrix,
H ¢ CP*P is a diagonal matrix representing the channel gains, v € C” is a vector com-
posed of 1 and 0’s, and lastly w is AWGN vector. The vector v indicates which messages
are transmitted through the channel, e.g. v; = 1 indicates that user with message ¢ is
transmitting. The columns of Xj, are the codeword sequences assigned to each index in v.
The goal of the decoder is to estimate v given the observations Y. Here the connection
to CS is quite clear, since the dimension of v is much larger than Y; and v has a small
number of non-zero entries.

It is straight forward to extend (6.12) to support the IR-FSA protocol in a fashion similar
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to [125]. After sub-slot k, the measurement vector can be written as the concatenation of

the received symbols vectors from each sub-slot

Yi=[yl,y3: - vi (6.13)

and similarly for the codebook matrix

X1,1 X211 0 XD
X1,2 X22 - XDp2

Xy = (6.14)
| X1,k X2k " XDk

Essentially after sub-slot, the receiver has additional samples to attempt to reconstruct v.

Initial work on using CS in the random access channel [120] context proposes the use
of an iid Gaussian distributed codebook X} and a decoding algorithm called sequential
orthogonal matching pursuit (SeqOMP) with power shaping active users. As addressed
by [120], this approach has serious drawbacks for practical applications. A random codebook
design cannot easily be stored on memory limited devices like RFID tags, and Gaussian
distributed symbols cannot easily be generated with backscatter modulators. Although,
the random coding strategy lends itself well to the IR-FSA protocol as discussed in Sec.6.3.
Furthermore, power shaping is not a possible in a practical scenario, because users are not
aware of their channel gains or other user’s channel gains [120].

An alternative to the random codebook design is a deterministic construction of Xj.
The benefit of deterministic constructions are two fold: storage on devices like RFID tags
is feasible, and it enables theoretical results that corroborate with the analysis of Sec.6.3.
Seen as a way to reduce computation and to improve detection in CDMA multi-user de-
tection, [119] proposes the use of Kerdock codes! as spreading sequences or codewords and
orthogonal matching pursuit (OMP) as the decoder. The primary result of [119] proves
that a randomly sub-sampled Kerdock code enables detection of all the messages with high

probability if the number of samples is on the order of Alog D. The sub-sampling method

!The reader is directed to [119] for more information on Kerdock codes, as they are not the focus of this
work.
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used by [119] is equivalent to puncturing the codeword, so it is possible to construct Xy
using Kerdock codes and maintain the rate compatible structure. This result agrees with
the scaling discussed in Sec. 6.3, and does not require any coordination or channel state
information, so viewing random access as a CS problem is a promising approach to tackle

MUD in the random access channel.

The OMP detection algorithm is similar to successive interference cancellation (SIC)
receivers used in CDMA systems [120]. As used by [119], OMP correlates the received signal
with every possible message sequence, chooses the sequence with the strongest correlation,
and lastly cancels that sequence out of the received signal. The primary drawback of OMP
is the requirement to test every column in X against Yy, which results in a computational
complexity of D. Each message has a length of log D bits, so the complexity of OMP grows
exponentially in the message length. Scenarios with a small number of messages are not
hindered by OMP’s complexity, but the message used by RFID in EPC Gen2 behaves as
a temporary tag ID number, which requires a large address space to insure no collisions
between tags. To address OMP’s computational complexity, it is necessary to use CS

reconstruction methods with sub-linear complexity. This is the topic of the next discussion.

6.4.2 Second Order Reed-Muller for Efficient MUD

A (r,m) Reed-Muller (RM) code is an algebraic error correction code parametrized by its
order (r) and its length (2™ symbols) [134]. Recently, (2, m) RM codes were discovered to
have excellent performance when used as deterministic sensing matrices in CS applications
[135]. In comparison to random and some deterministic sensing matrix constructions, the
RM code structure has a reconstruction complexity based on the code’s length 2™ [135],
unlike the complexity of D required by OMP. In the context of communication applications,
MUD using the (2,m) RM was first applied to neighbor discovery problem as a rapid on-off
full duplex communication technique [136,137]. This section will first address the complexity
of the (2, m) RM encoder, then describe how to construct a rate compatible (2,m) RM code,
and lastly discuss how the (2, m) RM code is used by the IR-FSA protocol.

Since RFID devices are computationally limited due to their ultra-lower power con-
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straints, it is necessary to address the computational complexity of the (2,m) RM code. A
(2,m) RM codeword ¢p, o consists of quadrature phase shift keying (QPSK) symbols (e.g.
{+1,—1,44,—7j}), which are generated by the function [136]

Pbc(a) = exp [j (;aTP(c)a + bTaﬂ . (6.15)

The codeword symbols are indexed by the binary vector a € Z3', and the vectors b €
Zy', c € Zy* comprise the message bits. The bit representation of the reservation message
is split into two separate vectors b and ¢ and zero-padded if needed, as described by [136].

The vector ¢ is used to construct a m x m binary symmetric matrix P(c) from a basis

set B(4) of ny m x m binary symmetric matrices [136]
no
P(c) = ZciB(i) mod 2. (6.16)
i=1

Since the size of a reservation message is quite small, B(i) can be pre-calculated and stored
in memory. In the examples discussed in the following section, values of m = 6 (m = 7)
and ng = 11 (ny = 13) are used. So in the worst case calculating P(c) requires nom?
operations, although the calculation is only required once per message. The evaluation of
P(c) lends itself well to embedded processors or standard digital hardware, because it is
computed over modulo 2, hence, only simple XOR operations are required. The details of
constructing B(7) are given by [136,137] and are omitted for brevity.

The complexity of evaluating one symbol instance of a codeword is determined by the
complexity calculating the exponent of (6.15). Since P(c) and b are fixed, only m? integer
operations are required. Evaluating the exponential function in (6.15) can easily be accom-
plished by a look-up table mapping to the QPSK symbol set, because its exponent is always
a multiple of jm/2. Lastly, generating the entire codeword requires 2™ iterations of (6.15),
hence, the overall complexity of the encoder is m?2™. Recall that the length of the code is
[ = 2™ so the complexity of the encoder in terms of the code’s length is [log®l. While in
terms of its length the encoder is super-linear in complexity, it is still less than polynomial
and only requires binary and integer operations.

Rate compatible codes are constructed by successively puncturing a low rate code [98],

however, the puncturing pattern should follow a structure that does not degrade the de-
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coder’s performance. The application of (2,m) RM codes in network discovery [136] ap-
plies a structured random puncture pattern to achieve full duplex communication. In their
scheme a user transmits its punctured codeword, and listens to other user’s transmissions
during its punctured symbol slots. The puncturing algorithm used by [136] was designed
to create a fixed set of gaps in a user’s transmission and not as an incremental redundancy
scheme. So the existing puncturing algorithm requires slight modifications to support the
rate compatible code structured required by IR-FSA.

Define a puncture pattern vector

Iy = (Tk,lv Tk2s5--- 7rk,2m>T (617)

indexed by the sub-slot transmission number k. The value of each element 7 ; is 1 or 0,
which indicate symbol i of ¢y, ¢ is to be received by sub-slot k. So the elements that change
from 0 to 1 between the puncture patterns ri_; and rg indicate which symbols are sent
in sub-slot k. By sub-slot M the entire codeword has been transmitted, so clearly rj is a
vector of all ones.

Similar to the method described by Algorithm 3 in [136], construct ry by dividing the
vector into 20 consecutive segments of length 2" =70, The first segment follows a certain
pattern, to be described shortly, and the remaining segments are duplicates of the first
segment. For ry, the first segment is generated as follows. Create an ordered set consisting
of the integers (1,277 "0)

Z={1,2,...,2m7 Mo}, (6.18)

Generate a random permutation 7 and denote the permuted set as 7(Z); this permutation
remains fixed for the entire slot. Define the set P, as the set of the first n elements of 7(Z)

9m—mqo

and PS as the remaining —n elements of 7(Z). Then the first segment in ry

rki=1VieP, and ;=0 Vie P (6.19)

The value of n is set by how many symbols need to be received by sub-slot k. As described
previously, this pattern is duplicated for the remainder of ry. Since the permutation 7 is
random it needs to shared with all of the users participating in a slot prior to transmission.

One possible method is to link the choice of 7 to the current slot index.
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Puncturing Template
i=1 j = 9m—mo

Figure 6.4: Example construction of a puncturing template for 2”70 = 8 with three stages
of redundancy.

An example of generating a puncturing template is shown in Fig for m — mg = 3 and
M = 3. In this example there are three incremental redundancy stages (M = 3) as indicated

by the different coloring schemes. The corresponding permuted index set is
m(Z) ={1,4,5,3,6,8,2,7} (6.20)

and n = 3,6,8 for £k = 1,2,3. So there are 3 - 2" gymbols in the first two sub-slots and
2 - 2™0 gymbols in the final sub-slot.

The decoding algorithm for a (2,m) RM code with a puncturing pattern ry remains
unchanged from the description of Algorithm 4 in [136], so its details are omitted. At a
high level, IR-FSA protocol uses the RM decoder in to perform SIC. The strongest signal
is decoded, canceled out, and the process repeated until all the users are decoded. How the
RM decoder is used by the IR-FSA protocol is detailed in Fig. 6.5, and it is in part based
on the work by [136]. The IR-FSA decoding process consists of 5 key steps as highlighted
by the following.

e At sub-slot k, input Y}, into the RM decoder to receive an estimate of an active user a
and add it to the set of current active users A. Reconstruct the punctured codewords

of the active users as the columns of the matrix X "

e Estimate the channel gains of the active users by finding h such that [[Y; — X ;h]l2

is minimized. Update s =Y, — X ;h
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1: procedure IR-FSA RM DECODER

2: Input: y1,..., Y M
3: Initialize Iax, M, thresholds €1 and €9, and counters i =1 and k = 1.

4: while £k < M do

5: Initialize Yj, s = Y as the SIC update vector, and active user set A=0.
6: while ¢ < I, do

7 The RM decoder operates on s, output message index a, and adds a to A.
8: Reconstruct punctured codewords of active users as columns of X ;.

9: Est. the CSI of the active users h = arg miny, | Yy — X ;h|[2.

10: Update the SIC update vector s = Yy — X ;h.

11: if ||s||2 < €; then

12: Prune from a € A if an active user’s channel gain h, < €s.

13: return A

14: end if

15: end while

16: Could not successful decode, wait for next IR stage.

17: end while
18: return A = ().

19: end procedure

Figure 6.5: Pseudo-code for the IR-FSA RM Decoder.

o If ||s|]2 < €1, then the received sequence s is a good estimate of true set of active
users. To reduce the probability of incorrectly decoding a users prune any user whose
channel coefficient h, < €3. Return the pruned set A and exit the decoding process.
Otherwise use the updated receive vector s as the input to the RM decoder, and repeat
the decoding process until the energy threshold is met or the maximum number of

iterations I.x is reached.

e If the number of iterations exceeds I .x, then the current set of users cannot be
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decoded by sub-slot k. Request the symbols for sub-slot £ + 1 and attempt the
decoding process anew. If K+ 1 > M, then it is not possible to resolve the collision;

return A = (.
6.5 System Simulation Study

To better evaluate the performance of the IR-FSA protocol, it is necessary to resort to
numerical simulations as the performance modeling of IR-FSA discussed in Sec 6.3 only
applies asymptotically, and the performance bounds derived using compressed techniques
are quite loose. Numerical simulations of the punctured (2,m) RM code are conducted and
its performance is compared against the standard FSA model and recent advancements in
the application of multi-packet reception in the context of RFID.

Two short length RM codes are considered, m = 6 and m = 7, which results in length 64
and 128 sequences. Short length codes are chosen in order to have a punctured code length
that is similar to the length of an RN16 (16 symbols). For both cases the value of mg = 2 is
chosen, and the 16 bit message is allocated to b and ¢ by the following. For m = 6, ng = 11
so 11 bits is allocated to ¢, and n; = 6 so the remaining five bits are allocated to b. The
sixth bit of b is zero padded. For m = 7, no = 13 so 13 bits are allocated to ¢, n1 = 7 so
the remaining three bits are allocated to b. The four remaining bits of b are zero padded.

Two different puncturing schedules are chosen for the m = 6 and m = 7 codes. The first
two sub-slot transmissions for m = 6 consist of 24 symbols each, and the third and last sub-
slot transmission has 16 symbols. The m = 7 case consists has four sub-slot transmissions
with 32 symbols each. These puncturing schedules were chosen because they exhibit good
performance in simulations, whereas more aggressive puncturing schedules causes high error
rates from the decoder. The puncturing patterns used in this work a effectively random
and any unused message bits of a RM codeword are set to zero, so the poor performance
under puncturing may be attributed to bad puncture patterns. This points to the need for
research on developing puncturing patterns and code expurgation techniques [98] for the
(2,m) RM code.

The RM decoder’s performance is quantified by the average number of messages decoded

successfully and the average number of symbols transmitted when there is a fixed number
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of active users A. Relating to the throughput model defined by (6.10) and (6.11), these two
numerical results are the conditional expectations E[S|A] and E[L|A], respectively. The
expectations are evaluated via Monte Carlo simulations for different values of A up to a
maximum value of Z, where the decoder is unlikely to detect a large fraction of the collided
messages. For A > Z, it is assumed that decoder will attempt all M sub-slots and fail to
decode any message, hence, E[S|A] = 0 and E[L|A] = 2™. Lastly for the case of no tag
transmitting in a slot, assume E[L|A = 0] is equal to length of the first IR stage of the RM
code.

Monte Carlo simulations are conducted over 1000 trials per value of A, where A ranges
from 1 to 6 for the m = 6 case and 1 to 8 for the m = 7 case. For each trial, users
have a channel gain distribution of CA/(1,0.5), i.e. the channel envelope follows a Rician
distribution with the SNR of the line-of-sight component set to 15dB.

The throughput is calculated by slightly modifying the throughput equation developed
in Sec. 6.3. Using iterative expectation and the renewal-reward theorem [99], the average

throughput is calculated as
NEA[E[S|A]
ET=———7.
7= NE[Bi2)A)

Similarly, the numerator and denominator are written as

B[S = éE[S\A _ ] <fj> <]1V> <1 _ ;f) o (6.22)
and

sa-Smen-o(5)(3) () £ ) (0

(6.23)

(6.21)

The simulation results are shown in Fig. 6.6 and the throughput is normalized against
the length of the RN16 used by Gen2. In addition to comparing the simulation results with
the theoretical throughput, they are compared against existing work that applies MUD
techniques to the RN16 collision problem - the case of decoding one RN16 in the presence
of a two tag collision [127], and the case of decoding two RN16s in the presence of a two
tag collision [128,129]. In both scenarios either one or two messages were decoded with

high reliability, although [128] is able to decode more than two messages with much lower
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Figure 6.6: Average throughput of IR-FSA using punctured RM codes with length 26 = 64
and 27 = 128, theoretical model throughput, and throughput of prior work on RN16 MUD.

reliability. The m = 6 and m = 7 RM code can equally decode two messages with high
reliability, and performance does not substantially degrade until there are more than three
tags for m = 6 and four tags for m = 7. It is also important to note that these three works
must perform channel state estimation of the tag’s channel coefficients prior to decoding,

whereas the RM codes only require state estimation for the SIC process.

The gap between the RM performance and the existing RN16 MUD work can be ex-
plained by the sub-optimal puncturing of the RM code. The minimum punctured code
length for the m = 6 case is 24 symbols, as opposed to the RN16’s 16 symbol length. The
scenario for m = 7 is far more grim with a minimum length of 32 symbols. So immediately
the RM code is put at a disadvantage due to the puncturing overhead. As mentioned ear-
lier, under the current puncturing scheme it is not possible to further reduce the number of
symbols sent in the first sub-slot without seriously degrading the code’s performance. These
issues emphasizes the need for both structured puncturing schemes and code expurgation.
The latter is necessary, because the m = 6 RM code supports 27 message bits and the

m = 7 supports 35 bits but a RN16 requires only 16 bits. The current decoder algorithm
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does not take advantage of setting the remaining bits of the RM code to 0.

Differences between the theoretical throughput and the simulation generated throughput
may also be explained in part by the sub-optimal performance of puncturing the RM code.
The m = 6 RM code has performance most closely matching its theoretical equivalent of a
M = 4 sub-slot backoff, and the m = 7 code falls far short of matching the M = 8 sub-slot
backoff case. For both cases, the RM code exhibits two bottle necks: the smallest backoff
of 24 (32) symbols as opposed to 16 symbols, and failure to decode 4 (8) users reliably.
The issue with the former has already been addressed, and the latter may be solved by

implementing heuristic improvements to the RM decoder as discussed in [138] and [139].
6.6 Conclusion

In RFID systems random access protocols plays a central role in identifying and reading
RFID tags, however, such protocols are susceptible to collisions between tags. This work
studies a random access protocol, IR-FSA, which uses error correction codes and incremental
redundancy as a mechanism for collision resolution. The validity of such an approach is
justified by existing results on compressive sensing. As an example of a code construction,
punctured second order Reed-Muller codes are analyzed through simulations. While Reed-
Muller codes do not out perform prior work on multi-user detection of tag collisions, its

decoding algorithm and puncturing scheme still have room for improvement.
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Chapter 7

CONCLUSION

7.1 Summary of Contributions

The proliferation of passive RFID into multitudes of commercial applications, and the emer-
gence of WSNs based on re-purposed RFID systems clearly indicate the success and future
potential of backscatter based communications. Backscatter modulation offers a new radio
architecture that no longer requires active RF components at the tag. Instead of actively
generating its own modulated RF signal, the tag modulates an externally generated RF
source by switching its antenna impedance load between states, thereby modulating the RF
signal scattering off of its antenna. As a consequence, a backscatter based communication
link has new and different tradeoffs than those of an active transceiver architecture. Ad-
ditionally, as commercial RFID systems and backscatter based WSNs expand their scope,
the corresponding physical and link layer will require greater reliability and efficiency. This
dissertation has three broad goals with respect to RFID: 1) analyze the co-design of backscat-
ter modulation and error correction coding (Chapter 2), 2) characterize space-time coding
and MIMO performance limits of the dyadic backscatter channel (Chapters 3 and 4), and
3) improving EPC Gen2 performance via hybrid-ARQ and random access enhancements
(Chapters 5 and 6).

In Chapter 2, we model a RFID tag as an Thevenin equivalent circuit and derive the
average power harvesting efficiency for an arbitrary backscatter modulator state. To quan-
tify power and energy efficiency of backscatter, we define a new metric called backscat-
ter power efficiency loss per bit. For a given 4-QAM constellation geometry, we find the
modulator impedances that maximizes the average power harvesting efficiency. Using the
corresponding optimal modulator design, we analyze two different coding schemes: equal
error protection (EEP) and unequal error protection (UEP). EEP generates a symmetric

constellation design similar to QPSK, however, UEP results in an asymmetric or skewed
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constellation design. We find that UEP designs outperform EEP designs.

In Chapter 3, we analyze the performance of a MIMO RFID system using space-time
codes. The (M, L,N) dyadic backscatter channel (DBC) captures the fading statistics of
RFID system with M reader transmit antennas, L tag antennas, and N reader receive an-
tennas. We derive a conditional pairwise error probability (PEP), which is amenable to
Monte Carlo simulations, for a general codebook design. Additionally, the PEP for orthog-
onal space-time block codes (OSTBCs) and its corresponding diversity order is derived. We
find that for OSTBCs the maximum diversity order is determined by L alone, and it does
not depend on N. Although, increasing N provides a coding gain that diminishes as N
increases. The analytical results are verified through simulations.

In Chapter 4, we derive the diversity multiplexing tradeoff (DMT) for the DBC. The
tradeoff is characterized by a linear function between the maximum diversity order d = L
and the maximum multiplexing gain » = min(L, N). This reveals that a RFID MIMO
system is primarily limited by reliability but not rate. The block length restrictions on the
DMT curve reduce as N increases, and space-only codes are sufficient to achieve the channel
capacity when N = L. The DMT suggests that a system with N = L strikes a good balance
between cost and performance.

In Chapter 5, we study the benefit of hybrid-ARQ (HARQ) techniques for the EPC
Gen2 (or ISO 18000-6C) standard. We first characterize the baseline throughput of Gen2
with respect to receive SNR and symbol duration. As upper bounds to performance, we
find the throughput of Gen2 if a tag uses either a Shannon capacity or BPSK capacity
achieving code. Chase combining and incremental redundancy (IR) are the two types of
HARQ under consideration in this chapter. The former provides considerable gains over
the baseline result, however, a large gap exists between it and the BPSK capacity curve.
The latter exhibits near capacity achieving performance for most ranges of SNR.

In Chapter 6, we propose a multiuser detection (MUD) based random access algorithm
to improve the tag singulation phase of the EPC Gen2 protocol. The protocol, incremental
redundancy for frame slotted ALOHA (IR-FSA), uses punctured error correction codes as
a collision resolution method. The throughput of IR-FSA is characterized using existing

results on sparse recovery. Increasing the MUD capability of the receiver results in im-
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proved channel utilization and greater resilience to varying load conditions. We find that
compressive sensing methods are a practical way to implement encoders and MUD based
decoders for IR-FSA. As an example construction, we evaluate the average throughput of
a punctured second order Reed-Muller code based IR-FSA. The performance is compared

against existing results on multi-tag singulation.

7.2 Future Work

The contributions to the three core areas (coding/MIMO/MAC) studied within this disser-
tation reveal backscatter modulation as a communication channel with novel performance
tradeoffs. As such, there exists the multiple new directions of research within the aforemen-

tioned areas.

7.2.1 Coded Modulation for Backscatter

Chapter 2 assumes both a linear power transfer model and a constant input impedance
for the tag’s power harvesting circuit, however, actual circuit constructions exhibit both
a non-linear harvesting efficiency [30] and variable input impedance with respect to input
power and frequency [38,39]. In practice, RFID tags will encounter wide ranges of input
power, so these two effects require further study to understand their role in system design.
First, the proposed constellation design procedure no longer has its guarantee of optimality
if the harvester’s efficiency is non-linear. Second, the backscatter constellation geometry
will suffer distortion if the harvester’s equivalent impedance differs from its assumed value,
which may have a serious impact on the link’s symbol error performance. The first step for
future work should quantify the sensitivity of the coded modulation design to varying input
power through experimental measurements.

Irregardless of the tag’s equivalent impedance, there exists a set of modulator impedances
that generate any arbitrary constellation geometry if the tag’s IC impedance stays con-
stant. So if the tag is aware of its input power and if it can set its modulator impedance
to any arbitrary value, the tag can prevent constellation distortion by adapting its modu-
lator impedance in response to the measured input power. A tag’s backscatter modulator

typically must switch between a fixed set of values, hence, a tag cannot set any arbitrary
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impedance state. Alternatively, by ‘over designing’ the modulator circuit with respect to the
constellation size and the number of modulator states, e.g. a 4-QAM constellation requires
a 16 state modulator (such modulators are demonstrated by [43])!, the tag has a much
wider choice of backscatter states. Based on the measured input power, the tag chooses the
set of modulator states that map to the desired constellation the best.

This direction of research has numerous challenges from circuit/device design and system
optimization. Through measuring the power envelope at the tag’s antenna, the tag needs to
estimate the harvesting circuit’s impedance from a stored lookup table. Some challenges are
the design of the power estimation circuit and generating this table for custom made devices
and for mass produced tags. Another challenge is how to choose the modulator states to
meet a desired Bjygs metric, since the harvester circuit is no longer conjugate matched to

the antenna in general and the impedance states are at discrete values.

7.2.2 RFID MIMO System Design

The analysis of Chapters 3 and 4 assumes a constant transmission of the reader’s carrier
signal, i.e. CW transmission at each of the reader’s antennas. In conjunction with the
assumption of complex normal distributed path gains, the (M, L, N) DBC is statistically
equivalent to the (1, L, N) DBC. Obviously, the choice of M plays no role in system perfor-
mance, and increasing diversity or multiplexing gains require additional tag antennas (L)
and reader receive antennas (V). The tag’s form factor does not allow for the placement
of more than two to four antennas at the tag, so increasing the diversity order through
additional tag antennas remains limited.

Evaluating the potential of increasing diversity through reader transmit antennas (M)
presents one direction for future work for both to experimental verification and theoretical
code design. Instead of CW transmission, the reader should transmit a precoding sequence,
similar to space-time code designs, over both space and time. Currently it is not known if
precoding scheme will offer any diversity gains, so there exists ample opportunity to quantify

the feasible gains and to construct precoding sequences. There also remains the practicality

T thank Prof. Matt Reynolds and Vamsi Talla for suggesting the over-design/adaptive-impedance ap-
proach.
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of decoding the backscatter in the presence the reader’s changing carrier signal. The receiver
will encounter modulated self-interference, and the observed channel state information of
the backscatter link will change each time the reader’s transmit signal changes. Clearly this

may increase the difficulty of decoding the tag’s backscatter.

7.2.8 MAC Enhancements: HARQ

Within the contributions of this dissertation, the EPC Gen2 HARQ enhancements proposed
in Chapter 5 have the most potential for immediate realizable gains. Although there remains
the experimental verification of the gains observed by theory and simulation, since it is not
possible to model all the dynamical effects occurring within real RFID systems. Namely,
the channel state may change during a tag’s EPC transmission and the distribution SNR
gains amongst a tag population may vary based on the application. The simulation model
and decoder used within this work assumes a constant channel state, and the corresponding

throughput analysis assume equal SNR across all RFID tags.

HARQ experiment work should focus on practical receiver design and implementation,
for which there exists examples [140,141] of EPC Gen?2 receivers that may serve as a starting
point for experimental work. Additionally, the implementation of new anti-collision proto-
cols on DSP/FPGA hardware [142] is one example of validating system level enhancements
with realistic experiments. Automatically adapting the HARQ decoder algorithm (either
Chase combining or incremental redundancy) to a time varying channel state represents the
primary challenge for experimental work. One possible approach may use additional pilot
symbols to assist with channel state estimation [143], and another approach might use the

RCPC code structure to assist in channel state estimation [144].

With respect to building HARQ encoders on the tag, the WISP [15] is one such platform
that allows for the implementation of repetition coding and RCPC codes in software. Lastly,
there remains the issue of further validating the reliability of blanking the reader’s CW to
indicating successful EPC decoding, which was first proposed and demonstrated by [88]. It

is not known if time varying fading affects the accuracy of CW detection circuit.
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7.2.4 MAC Enhancements: IR-FSA

The contributions of Chapter 6 focus on establishing a performance baseline for the IR-FSA
protocol. Basic theoretical throughput modeling of IR-FSA suggests large performance gains
over conventional random access schemes (e.g. slotted ALOHA), however, there remains
a large performance gap between simulation results and the theoretical model. Since IR-
FSA’s performance depends heavily on the receiver’s MUD algorithm, future research should
focus on further developing compressive sensing methods for MUD. First, the discussed Reed
Muller decoder still has further room for improvement at the encoder and decoder. Second,
other compressive sensing methods based on expander graphs [145,146] should be considered
as potential candidates for MUD encoders/decoders.

The Reed Muller based MUD algorithm studied in Chapter 6 does not have any theo-
retical guarantees with respect to maximum likelihood detection for the MUD case or even
the single user decoding case. The literature discusses heuristic improvements to the SIC
Reed Muller decoder [138,139], which are related to prior work on single user Reed Muller
codes [147,148]. Additionally, there remains the open question of applying joint iterative
decoding of Reed Muller codes in the multi-user scenario [139]. Regarding the performance
of the encoder, the improvement of the Reed Muller puncturing pattern design should also
be a focus of future work, because simulation results exhibit poor performance at high code
rates. Currently, randomly generated erasures comprise the puncturing pattern used within
this work, and while deterministic puncturing patterns exist for Reed Muller codes [149],
the suitability of this approach for MUD still needs to be evaluated.

Lastly, future work should also investigate alternative encoder/decoder architectures
such as those based on expander graphs [145,146]. Driven by the same motivation for
using Reed Muller codes in compressive sensing, expander graphs have sub-linear decoding
complexity and reported have good sparse recovery performance. As discussed by [146],
expander graphs have structure similar to LDPC codes [134] and the recovery algorithm
follows the well known belief propagation decoding algorithm. It remains unknown if MUD
based on expander graphs offers better performance than Reed Muller codes with respect

to error performance and ease of constructing rate compatible codes.
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Appendix A
RFID BACKSCATTER LINK BUDGET

To relate the physical properties of the tag and reader during backscatter, we briefly
restate and summarize the key developments regarding the RFID link budget from [17].
The electric field at the tag £,y depends on the reader’s effective isotropic radiated power
(EIRP) Pgrgrp, the distance between the tag and reader [, and the polarization match

coefficient p. Pgrrp is related by the raw transmit power P,.4. and reader antenna gain

| ZopPEIRP
gTag = A2 (Al)

where Zj is free-space impedance. The open circuit voltage Voc is proportional to the E7qg

[ ZopP
VOC = aTaggTag = QTqag % (A2)

The 744 variable relates the physical geometry of the antenna to the incident electric field.

Grar: PrarGrar = PEIrP

and given by

The electric field generated by the tag’s antenna is proportional to current passing through

the antenna, I,,;. At the reader’s antenna, the reflected electric field is

ZOaTag
2Ml

grdr = Icmt (A3)

where X is the wavelength of the carrier wave. &4, induces a voltage V.4, across the reader’s

antenna, which is measured by the receiver to make a bit decision.

Z00Tag (A.4)

Vidr = Erdr = 1
rdr QydyrCordr Ardrlant I\

Lastly, the reader’s receiver is subject to noise from thermal affects and from phase noise

leakage from the transmitter circuit. It is understood in RFID applications that phase

. . . . . . dB
noise dominates thermal noise [2]. A typical observed phase noise power is —1155¢°. We

assume there is a power reduction factor of 15dB between the receiver and transmitter



135

circuits, and a further reduction of 50dB for the conversion of phase noise to amplitude

noise. (—11592¢ — 15dB — 50dB = —18095¢)

dBc
Ny = —180—— A.
0 80 i (A.5)

Relating the above parameters to the observed SNR at the reader SNR = % for 2-QAM

modulation is achieved by noting that the instantaneous signal power

E= <‘x1 _$0’>2
2

1 2
= | =—=|Vidro — Vrar
<2\/§ dr0 d71|>

_ 1 ‘I _7 |Oé7‘d7“”aTag‘Z0 2
2\/§ ant,0 ant,1l IN —

_ < 1 ‘770 _7]1| ’VOC‘ |ardr||aTag|ZO>2
242 Ront 2

1 1 a7 [ ZopPEIRP
2\/§Rant @9 47?2

2
= |770 - 771\2

’ardr||aTag|Z0 2
_— A.
[ 21 (4.6)
and noise power
N = P4, BNy (A.7)

This equation for SNR can be used to calculate the uplink BER by (2.6) the antipodal
signaling BER.

The system parameter values discussed and defined by the previous are listed here:

Py =1W  G,qr = 6dB B = 640KHz
laTagl = 0.1 |aygr| =012 A =0.32m
| =25m  Zy=3770 p=0.5

Rant = 76
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Appendix B
GEOMETRIC INTERPRETATION OF P;pss MINIMIZATION

Define the feasible y region as
D={y: |ly—0.75 <d}, (B.1)

and |y—0.75| = d occurs when two symbols lay on the boundary of W (e.g. |1;—0.75| = 0.25).
Without loss of generality, assume |1 — n2| = 2/E4, |no — m| = 2v/Ep, and that the
boundary condition for W is met by ether n; and 72, or 19 and 7;. From the rectangular
geometry of the constellation and symmetry of the region D, there are two candidates for
d:
di = /0252 — E4 — \/Eg, if |1 — 0.75| = 0.25, |2 — 0.75| = 0.25 (B.2)
or

dy = \/0.252 — Eg — \/E_, if |no — 0.75| = 0.25, |, — 0.75| = 0.25. (B.3)

Equality between d; and dy occurs when either K4 = Ep or E4 + Ep = 0.252. The latter
occurs when all four constellation points lay on the boundary of W, which results in the
trivial case of d = 0.

The remaining step to prove is for what values of F4 and Ep does d; > ds hold true.
Perform a change of variables such that a = /E4 and b = /Ep, and define the two

functions

fi(x) =v0.25%2 — 22 — b (B.4)
fo(z) = 1/0.252 — b2 — x. (B.5)
(B.6)

Assume that b is kept fixed and x varies with respect to b < x < /0.252 — b2. It is easy to

verify the following: 1) fi(x) is a concave function with respect to z, 2) fa(x) is a linear
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function with respect to =, and 3) f1(b) = f2(b) and f1(v/0.252 — b?) = f1(v/0.252 — b?).

Then by the definition of convexity and linearity, the following is true

F1(0b+ (1 — 0)/0.252 — 12) > 0f,(b) + (1 — 0) £1(1/0.252 — b2) (B.7)

= 0f>(b) + (1 — 0) f(1/0.252 — b?) (B.8)
= f2(0b+ (1 — 0)1/0.252 — b2). (B.9)

Therefore if a > b, then f1(a) > fa(a) is true. Correspondingly, this implies

{y: |y—0.75| <0252 — Ey — \/Eg, Es> Ep} (B.10)



138

Appendix C
PROOFS FOR CHAPTER 4

C.1 Proof of Lemma 4.2.3

Following [32] [80], recall that p(a|3) follows the Wishart eigenvalue distribution defined
by (4.11) for the N > L, under the change of variables a; = SNR™ and b; = SNR™%. The

RHS product term in (4.11) approximates to

15[ (SNR~® — SNR™%)

(SNR~% — SNR™%)

~GNR~ Zi<j(@i=5i) (C.1)
1<j
due to the identity SNR™ — SNR™=SNR™ for o; < «; [80]. Due to lemma 1 in [80],
the determinant term in (4.11) approximates to
L
— Z gNR—(@i—5:)
i=1

for a;; > B;, Vi; otherwise Det[exp(—SNRf(o‘fﬁi))] — 0 exponentially in SNR. Combining

exp SNR ™ Zie; (bt (C.2)

all the terms in (4.11) and p(8) in (4.19) gives the form stated in the lemma.

C.2 Proof of Lemma 4.2.4

Following [32] [80], recall that p(a|3) follows the Wishart eigenvalue distribution defined
by (4.12) for the N < L. Performing a change of variables a; = SNR™® and b; = SNR™%,
the RHS product terms are approximated in the same fashion as the N > L case. Applying

lemma 2 in [80], the determinant term is approximated as

N
— Z GNR-i+58i | gNR— Zie;(@i—B)F

=1

Det[ZE]=exp

 SNR~Zict (L=N=-1)BigNR~ Lien+2(L—1)Bi
CSNR~ it ZRga(ei=5) " (C.3)

if a; > B;V1 < i < N, otherwise the determinant term decreases exponentially in SNR.

Combining all the terms in (4.12) and p(3) in (4.19) gives the form stated in the lemma.
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