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Abstract

Backscatter Radio-Frequency Identification (RFID) systems are the most popu-
lar RFID systems deployed due to low cost and low complexity. However, they
pose many design challenges due to their querying-fading-signaling-fading struc-
ture, which experiences deeper fading than conventional one-way channels. Re-
cently, by simulations and measurements, researchers found that the multiple-
input-multiple-output (MIMO) setting can improve the performance of backscat-
ter RFID systems. These simulations and measurements were based on simple
signaling schemes and no rigorous mathematical analysis has been provided. In
this thesis, we explore querying, STC, and diversity combining schemes over the
three ends of the backscatter RFID systems and provide generalized performance
analysis and design criteria.

At the tag end, we show that the identical signaling scheme, which cannot
improve the bit error rate (BER) performance in conventional one-way channels,
can significantly improve the BER performance of backscatter RFID. We also an-
alytically study the performances of orthogonal STCs, with different sub-channel
fading assumptions, and show that the diversity order depends only on the number
of tag antennas. More interestingly, we show that the performance is more sen-
sitive to the channel condition of the forward link than that of the backscattering
link.

In previous literature, the understanding of the query end is that the designs of
query signals have no potential to improve the system performance. However, we
show that some well-designed query signals can improve the system performance
significantly. We propose a novel unitary query method in this thesis. Conven-

tional measures of the physical layer performance cannot be obtained analytically
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in backscatter RFID channels with employing our unitary query. We thus provide
a new performance measure to overcome the difficulty of conventional measures,
and show that why the unitary query has superior performance.

The multi-keyhole channel is another type of cascaded channel. The backscat-
ter RFID channel and the multi-keyhole channels look similar, but are essentially
different and there difference has not been clearly studied in previous literature.
In the final part of this thesis, by investigating general STCs and revealing a few
interesting properties of this channel in the multiple-input-single-output (MISO)
case, we show that the two channels achieves completely different diversity order

and BER performance.
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Notation

In this thesis, unless otherwise specified, exp(-), I'(:), and Q(-) mean the expo-
nential function, the Gamma function, and the Gaussian Q function, respectively;
P(), Ex(), X|Y, || - |lz |-, ()T, ()", det(-), R(-), and trace(-) denote the the
probability of an event, the expectation over the density of X, the conditional ran-
dom variable of X given Y, the Frobenius norm of a matrix, the magnitude of a
complex number, the transpose, the conjugate transpose, the determinant, the rank,
and the trace of a matrix, respectively; A = B means that A is equal to B in the limit,
C < D means that C is much smaller than D, and X ~ Y means that X is identically
distributed with Y.
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Chapter 1

Introduction

1.1 Background of RFID Technology

Radio-Frequency Identification (RFID) is a wireless communication technology
that allows an object to be identified automatically and does not require line-of-
sight (LOS) transmission [1]. This technology has a long history and is evolved
from several early prototypes. The earliest ones include identification identifica-
tion friend or foe (IFF) transponder developed in the United Kingdom, which was
routinely used by the allies during World War II to identify aircraft as friend or
foe [2, 3], and the landmark work in 1948 by Harry Stockman in [4] which first
described the backscattering principle. The first true ancestor [S] of the modern
RFID, however, was established in the 1970’s, known as Mario Cardullo’s de-
vice, as it was a passive radio transponder with memory. Although RFID has been
emerged for decades, it is in recent years that its practical applications and aca-
demic research have been proliferated significantly. The value of the RFID market
in 2012 was 7.46 billion US dollars versus 6.37 billion in 2011, and the RFID
world market is estimated to surpass 20 billion by 2014 [6].

RFID technology is used in many applications, such as inventory systems,
product tracking, access control, libraries, museums, sports, and some other in-
dustries. The value added by RFID technologies is often significant. For instance,
in access control applications, RFID tags are widely used in identification badges
[7]. These RFID tags can be placed on vehicles, and allow the RFID reader to read



them in a distance, thus vehicles can enter controlled areas without having to stop.
Fig. 1.1 shows RFID antennas to track vehicles coming into and leaving a gated
community.

In libraries applications, RFID tags have been used to replace the barcodes on li-
brary items [8]. Since RFID tags can be read through an item, a book cover does
not need to be opened for scanning, and a stack of books can be read simultane-
ously. Book tags can also be read while books are in motion on a conveyor belt,
thus reduce processing time significantly.

In the healthcare industry applications, RFID technology is used to track patients/em-
ployees and facility assets [9, 10]. The active RFID technology is used to track
high-value and frequently moved items, and the passive technology can be used to
track smaller and lower cost items that only need room-level identification. In ad-
dition, some hospitals began implanting patients with RFID tags and using RFID
systems for workflow and inventory managements. The use of RFID techniques
to prevent mixups between sperm and ova in ‘in vitro fertilisation’ clinics is also

being considered [11].

1.2 RFID Components and Standards

An RFID system includes the hardware known as readers (also known as interroga-
tors) and tags (also known as labels), as well as RFID software or RFID middleware
[7]. An RFID tag is a small electronic device that is allowed to have a unique ID. It
transmits data over the air in response to interrogation by an RFID reader. The tags
can be categorized into passive, active, and semi-active tags. An active tag utilizes
its internal battery to continuously power its radio frequency (RF) communication
circuitry, while a passive RFID tag has no internal power supply and relies on RF
energy transferred from the reader to the tag. A semi-passive tag is powered by
both its internal battery and RF energy from the reader.

RFID has various standards set by a number of organizations, which include
the International Organization for Standardization (I1SO), the International Elec-
trotechnical Commission (IEC), EPCglobal, and several others. RFID operates at
different frequent bands. At low-frequency and high-frequency bands, tags can be

used globally without a license. At the ultra-high-frequency (UHF) band, the stan-



Figure 1.1: Radio-frequency identification antennas to track vehicles coming
into and leaving a gated community. Figure by Larry D. Moore, CC
BY-SA 3.0.

dards and regulations are different in different regions. In North America, UHF
RFID can be used unlicensed for 902 to 928 MHz, with restrictions for transmis-
sion power. In Europe, UHF RFID operates from 865 to 868 MHz, with readers
being required to monitor a channel before transmitting. This requirement has led
to some restrictions on performance. Each application for UHF in these countries
needs a site license, which needs to be applied for at the local authorities, and can
be revoked. Table 1.1 summarizes the frequency band, operation range and data
speed of different RFID standards [12].

1.3 Backscatter RFID Principle: Reader Query and Tag
Signaling

Most RFID applications deployed today use passive tags because they usually do

not require internal batteries and have longer life expectancy. For the passive tech-

nology, to transmit the energy from the RFID reader to the tag, there are two fun-

damental principles for design approaches: magnetic induction and electromag-



Table 1.1: RFID frequency bands.

Band Regulation Range Data Speed
120 — 150 kHz, LF Unregulated 10 cm Low

13.56 MHz, HF ISM band worldwide | 10 cmto 1 m | Low to moderate
433 MHz, UHF Short range devices 1to 100 m Moderate
902 — 928 MHz ISM band 1to12m Moderate to high

(North  America)
868 — 870 MHz
(Europe), UHF

2.45 and 5.8 GHz, ISM band 1to2m High
microwave
3.1 — 10.6 GHz, Ultra wide band up to 200 m High
microwave

netic (EM) wave capture [1] [7]. The design based on magnetic induction is called
near field, and that based on EM wave capture is called far field. Both design
can transfer enough energy to power a remote tag. For near-field RFID systems,
a reader passes a large alternating current through a reading coil, resulting in an
alternating magnetic field in its locality. If a tag that incorporates a smaller coil
is in this field, an alternating voltage will appear across it so that the tag chip is
powered, while for far-field RFID systems, tags capture the EM waves propagating
from a dipole antenna attached to the reader. A smaller dipole antenna in the tag
receives the energy as an alternating potential difference which will result in an
accumulation of energy to power its circuit. The far-field approach is also referred
as backscattering [1]. In this thesis, we concentrate on the far-field approach. In
physics, backscattering is the reflection of waves, particles, or signals back to the
direction from which they came. A backscatter RFID signal modulation procedure
is shown in Fig.1.2. The RF reader transmitter first broadcasts an unmodulated
carrier signal, which is also called query signal, then the RF tag conveys infor-
mation (i.e. the ID of the tag) to the reader by simply reflecting the query signal
from the reader transmitter back to the reader receiver using load modulation [13]
[14]. The ID information of the RF tag depends on the reflection coefficient of the
tag antenna load which is changed by switching the RF tag antenna load between
different states [14].
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Figure 1.2: The RF reader transmits an unmodulated (query) signal to the RF
tag and the RF tag scatters a modulated signal back to the reader, where
I'(z) is the reflection coefficient of the tag circuit at time 7.

1.4 Motivations for MIMO Backscatter RFID

At the physical layer, the backscatter channel, with a query-fading-signaling-fading
structure, is radically different from conventional one-way wireless channels. In
addition, real measurements in [13] and [14] showed that the backscatter RFID
channel could be modeled as a cascaded channel with a forward sub-channel and
a backscattering sub-channel, and both sub-channels can be Rayleigh, Rician or
Nakagami-m distributed, depending on the radio propagation environment. This
cascaded channel fades deeper than the conventional one-way channel and hence
can reduce the data transmission reliability and reading range, which are two im-
portant performance metrics in RFID systems.

To overcome the challenges posed by deeper fading in the backscatter channel,
researchers had to reconsider the design of backscatter RFID systems and many
efforts have been made on improving the system performance [13-32]. These ef-
forts include re-designing of tag circuits, antenna structures and tag modulations.
Among those efforts, using multiple antennas for both tags and readers appears to
be one of the practical and promising ways. Such multiple-input multiple-output
(MIMO) systems had a great success in conventional wireless communications
[33-37] and were found promising in RFID [14, 25-27, 30-32]. The MIMO sys-
tem for RF backscattering radio was first explored by Ingram et al. in [25] for the



spatial multiplexing purpose. In [25] multiple reflection antennas were used by the
RF tags to reflect according to different data streams, and multiple reader receiving
antennas provided multi-stream detection capability. Simulations showed that the
range can be extended by a factor of four or more in the pure diversity configura-
tion and that backscatter link capacity can be increased by a factor of ten or more
in the spatial multiplexing configuration. Later, [26, 27] provided a closed form
probability density function of channel envelope for tags with multiple-antennas,
with consideration of spatial correlation between forward and backscattering links.
They showed that backscatter diversity can mitigate this fading by changing the
shape of the fading distribution which, along with the increased RF tag scattering
aperture, resulted up to a 10 dB gain at a bit error rate (BER) of 10~*. Simulations
demonstrated that the above gain led to increased backscatter radio communica-
tion reliability and up to a 78 percent range increase. The measurements of using
multiple antennas in the backscatter RFID channel were conducted in [14] and
[31]. In [14] the measurement was conducted at 5.8 GHz, an unlicensed industrial,
scientific, and medical (ISM) frequency band and in a non-line-of-sight (NLOS) en-
vironment. The measurements in [14] showed that gains are available for multiple-
antenna RF tags and the results matched well with the gains predicted using the
analytic fading distributions derived in [26] and [27], while [31] proposed a novel
measurement with a reduced number of measurement ports for MIMO backscatter
RFID channels. More recently, [32] described how to overcome the extra path loss
that RFID tags and RFID-enabled sensors experience at microwave frequencies as
compared to UHF frequencies. They showed that additional antenna gains can be
realized to mitigate or overcome extra path loss by using multiple antennas for nar-
rowband signals centered at 5.8 GHz. In [30], researchers described a developed
analog frontend for an RFID rapid prototyping system which allows for various
realtime experiments to investigate MIMO techniques.

Exploring MIMO diversity of backscatter RFID channels is a relative new re-
search area and all the above studies about the performance of MIMO backscatter
RFID channels are based on measurement experiments and Monte Carlo simu-
lations. However, no analytical studies have been provided yet in the literature,
except [38], where only line-of-sight propagation and OSTBC were considered,

and the result in [38] was developed in parallel and independent of our work in



[39]. Additionally, only simple diversity mechanisms were considered, and the
general understanding of the role of query signals is that they only play the role
as the energy provider for tags (i.e., the reader transmitting antennas transmit the
same query signal from M antennas over T time slots, as explained later in Chapter
2). To our best knowledge, there has been no investigation on other possible roles
of query signals yet.

Therefore, to have a profound understanding of MIMO backscatter RFID chan-
nels, we need to have rigorous performance analysis studies beyond simulations to
guide us in the design process of the MIMO RFID systems. Also, to achieve the full
potential of MIMO settings for backscatter RFID systems, we need to explore all
possible performance improvement mechanisms at the three ends, i.e., considering
more complicated and generalized query schemes at the reader query end, investi-
gating coding (signaling) schemes at the tag end, and employing optimal diversity
combining schemes at the reader receiving end. The above are the motivations of

this dissertation.

1.4.1 Comparison with the Multi-keyhole Channel

There is another type of cascaded-like channel, the multi-keyhole channel, which
has a signaling-fading-fading structure, as shown in Fig. 1.3. Recall that the
backscatter RFID channel, on the other hand, has a query-fading-signaling-fading
structure. Therefore, these two channels are essentially different. The comparisons
of them are shown in Fig. 1.3 and Fig. 1.4. Another essential difference is that the
multi-keyhole channel is still a conventional one-way channel, with the only differ-
ence from the Rayleigh channel being that its channel gain has a more complicated
distribution. However, researchers sometimes are confused about the two types of
the channels - the multi-keyhole channel and the backscatter RFID channel. Most
recent research on the space-time code (STC) for the multi-keyhole channel gave
a performance analysis only for the orthogonal space-time block code (OSTBC)
[40]. This motivates us to make a further investigation on the performance of the
multi-keyhole channel and make a comparison with that of the backscatter RFID

channel.
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Figure 1.3: An illustration of the multi-keyhole channel, i.e., exhibiting a
signaling-fading-fading structure. TXs are trying to communicate with
RXs.
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Figure 1.4: An illustration of the MIMO backscatter RFID channel, i.e., ex-
hibiting a query-fading-signaling-fading structure. Tag antennas are try-
ing to communicate with RXs.

1.5 Fading Assumptions

The work in this thesis is based on the model from the real measurements in [13]
[14] of the backscatter RFID channel. More specifically, each sub-channel follows
i.i.d complex Gaussian distribution, and the fading is quasi-static: i.e., the channel
is constant over a long period of time and changes in an independent manner. This
quasi-static assumption is valid as long as the transmitter and the receiver is not
moving in high velocity, and it is one of the major assumptions for many wireless

communication systems including many RFID systems.



1.6 Thesis Contribution and Organization

In this thesis, we investigate three main topics pertinent to MIMO backscatter RFID

channels:

e Performance analysis of the identical signaling scheme (at the tag end) with

the uniform query (at the reader query end) in backscatter RFID channels;

e Further exploration of diversity gains brought by the reader query end, the
tag end, and the reader receiving end in backscatter RFID channels. Deriva-
tion of generalized methods for performance analysis and design criteria for
space-time coded backscatter RFID systems with both the uniform query and

the proposed unitary query;

e Derivation of the PEP of space-time codes in MISO multi-keyhole chan-
nels and comparisons between the backscatter RFID channel and the multi-

keyhole channel.

More specifically, Chapter 2 will address the first topic. We consider a specific
diversity mechanism in the RFID system where the reader transmitter employs the
uniform query and the tag employs the identical signaling scheme. The identical
signaling scheme has been proved to be not useful for improving the BER per-
formance in conventional one-way point-to-point wireless channels. However, the
identical signaling scheme has been verified in [27] by Monte Carlo simulations
that for some antenna settings in RFID, its BER performance improvement can be
very significant, while for some other antenna settings, its improvement is insignif-
icant. Yet, no literature has given an explanation why it happens and what is the
underlying physical reason. To fill the gap, in Chapter 2, we will provide a rig-
orous mathematical analysis to reveal the performance behaviors of the identical
signaling scheme for backscatter RFID channels.

In Chapter 3, we will address the second topic. First, we consider the case
when the tags employ orthogonal space-time codes, meanwhile the reader trans-
mitter still employs the uniform query. For this case, we will provide a general
formulation for the performance analysis, and analytically study the symbol error

rate (SER) performances for Rician and Nakagami-m sub-channels by providing



closed form SERs in asymptotic high signal-to-noise ratio (SNR) regimes. We will
also show a few interesting properties of the SER performance for this case, and
generalize the performance analysis to general space-time codes by providing a
pairwise error probability (PEP) performance upper bound. Secondly, we will pro-
pose a novel query method at the reader transmitter end, referred as the unitary
query. To our best knowledge, it is the first time that unitary query has been pro-
posed in RFID. In previous studies for MIMO backscatter RFID, only the uniform
query was considered, where the query signals played a role no more than an en-
ergy provider for the RFID tag and could not provide spatial diversity. In Chapter 3,
however, we will show that in quasi-static channels, the query signals can provide
time diversity through multiple reader transmitting antennas for some space-time
codes. We will propose a new performance measure, which is based on the ranks
of some random matrices, to overcome the difficulty that conventional measures
(i.e. PEP and diversity order) cannot be obtained analytically for the unitary query
with general space-time codes. Furthermore, we will analytically study the perfor-
mance of the proposed unitary query with general space-time codes via the new
performance measure.

In Chapter 4, we will address the third topic. We will consider general space-
time codes in the multi-keyhole channel, and prove that, for any pairs of code
words in a space-time code, the code words distance, as a random variable in fading
conditions, is identically distributed in MISO multi-keyhole channels and MIMO
single-keyhole channels. Therefore the PEPs for a pair of code words in these two
channel models share the same form and thus one can employ the design criteria in
MIMO single-keyhole channels to design the codes for MISO multi-keyhole chan-
nels. We will further investigate the case when spatial correlations are present in
transmission antennas and prove that, when the number of transmission antennas is
greater than that of keyholes, depending on how the correlation matrix beamforms
the code words difference matrix, the PEP can be either degraded or improved. The
results in this chapter will clearly demonstrate that the backscatter RFID channel
and the multi-keyhole channel have completely different performance behaviors.

Finally, in Chapter 5 we will summarize the results obtained in previous chap-
ters. We also provide a number of potential topics for future work on the grounds

of research presented in this dissertation.
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Chapter 2

Backscatter RFID Systems with
Uniform Query and Identical
Signaling

In Chapter 1, we gave a brief introduction on the backscattering principle and the
MIMO backscatter RFID channel. In this chapter, we first provide a full mod-
eling of this MIMO structure. We can see that this MIMO structure has fading
structure and signaling mechanism which are radically different from those in a
conventional one-way point-to-point wireless channel, resulting in deeper fading
and non-Gaussian statistical properties [27].

Then we consider diversity techniques for the backscatter RFID channel, and
start from the simplest case of space-time coding: the reader transmitters employ
the uniform query and the tag employs the identical signaling scheme. The identi-
cal signaling scheme has been proved to not be useful for improving the BER per-
formance in conventional one-way point-to-point wireless channels. However, the
identical signaling scheme has been verified in [27] by Monte Carlo simulations
that, for some antenna settings, the BER improvement by the identical signaling
scheme can be significant, while for some other antenna settings, the improve-
ment is small. Yet, no literature has been able to provide an explanation on these
observations and explain what is the underlying reason. In this chapter, we will

provide a rigorous mathematical analysis to reveal the underlying behavior of the
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identical signaling scheme for backscatter RFID channels, and answer the question
why the identical signaling scheme can sometimes improve the BER performance.
We will also show that there is a performance bottleneck of identical signaling in
backscatter RFID systems, and that is why the improvement by identical signaling
is mild in some antenna settings in the backscatter RFID. The reported results can
be useful for designing simple, effective MIMO backscatter RFID systems with

high performance.

2.1 Mathematical Description of the MIMO Backscatter
RFID

The backscatter RFID has three ends: the reader query end (i.e., the set of reader
transmitting antennas), the tag end (i.e., the set of tag antennas), and the reader
receiver end (i.e., the set of reader receiving antennas). These three ends can be
mathematically modeled by an M x L x N dyadic backscatter channel which con-
sists of M reader transmitter antennas, L RF tag antennas, and N reader receiver
antennas. As shown in Fig. 2.1, the forward channel hfnl represents the propa-
gation path from the m-th reader transmitter to the /-th RF tag antenna, while the
backscatter channel hlbn represents the path in which the carrier signal is reflected
by the /-th tag antenna to the n-th reader receiver. The forward and backscatter
links that terminate or originate at the same tag antenna can be correlated, as in-
dicated in Fig. 2.1, where plifl denotes the link correlation coefficient between the
forward link hﬁ, and the backscatter link h;’n. The correlations between the links are
caused by the separations and the angular spreads of the antennas. In a quasi-static
wireless channel, this MIMO structure can be summarized by using the following

matrices: More specifically,

g1 - M
Q= BRI (2.1)

qri 0 4rm
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is the query matrix, representing the query signals sending from the M reader trans-

mitting antennas to the tag over 7" time slots.

o by
H= ST (2.2)
h{/l,l h'/);m

is the channel gain matrix from the reader transmitter to the tag, representing the

forward sub-channels,

c,1 o ClL

C= R (2.3)

is the coding matrix, where the tag transmits coded or un-coded symbols from its
L antennas over T time slots, and
b b
Ry - hiy

G= : : , (2.4)

b b
hiy - hpy

is the channel gain matrix from the tag to the reader receiver, representing the
backscattering sub-channels. Finally the received signals at N reader receiving

antennas over T time slots, are represented by matrix R with size T x N:
R=QHoCG+W (2.5)

where o means the Hadamard product, and the matrix W is with the same size as
that of R, representing the noise at the N reader receiving antennas over 7' time
slots. In this thesis, unless otherwise specified, both the forward and the backscat-
tering sub-channels are modeled as i.i.d complex Gaussian random variables with
zero mean and unity variance. In addition, in this thesis, it is assumed that the
noise matrix is with independent and identically distributed (i.i.d.) standard com-

plex Gaussian entries.

13



When compared with the conventional one-way MIMO wireless channel:
R=CG+W, (2.6)

the backscatter structure in (2.5) not only has one more layer of fading structure
H but also one more signaling mechanism represented by the query matrix Q. In
addition, the backscatter principle makes the received signals not a simple series of
linear transformations of transmitted signals and channel gains, but actually there
involves a non-linear structure in the backscatter RFID channel, which is the result
from the Hadamard product in (2.5). Because it has such special and complicated
signaling and channel structures, we expect completely different performance be-
haviors of the MIMO backscatter RFID channel when compared with the one-way
channel. In this chapter, we concentrate on the simplest query scheme and tag-
signaling scheme, and show that, even for the simplest case, the MIMO backscatter
RFID channel has interesting properties. In the next chapter, we will investigate
MIMO backscatter RFID channels under more generalized query and signaling

cases.

2.2 Uniform Query and Identical Signaling for MIMO
Backscatter RFID

2.2.1 Uniform Query at the Reader Transmitter End

We consider the simplest case of query signals, where the M reader transmitting
antennas transmit the same query signal over T time slots, and the query matrix

with size T x M is thus given by
Q=—1=| : - | (2.7)

We name this query scheme as the uniform query. The term ﬁ is to ensure that the
total transmission power from the reader transmitter end is fixed. In this case, since

the query signals from the reader query antennas are identical over T time slots, if
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the forward channels are independent Gaussian, the forward channel statistics are
invariant for any M, i.e., the M x L X N channel is equivalent to a 1 X L X N channel
(or a L x N for short).

Note that at a given time slot ¢,

QHoC,G~ (], h)o(cit, - ,eir)G (2.8)
f
hl
=(ci1,»0L) - G (2.9)
hy
N SR Y
= (crn,crt) : ‘. : (2.10)
h{h?,thjzchlz),Na B h{hg,N

where Q; and C; are the ¢-th row of Q and C respectively. Therefore, in quasi-static

wireless channels, for the uniform query, we have
QH oCG ~ CHuniforma (21 1)

and, referred to the model in (2.5), the received signals at N over T time slots have

an equivalent form as:

R = CHuiform + W, (2.12)
where
h{hllj,l vhghlzy.,l’ B h{hﬁ,l
Huniform = - (2.13)
T N

is the equivalent overall channel matrix, in which the each (/,n) entry represents the
overall channel gain between the the reader query antennas, the /-th tag antenna,
and the n-th reader receiving antenna. When comparing Eqn. (2.5) and Eqn. (2.6),
we can see that this equivalent overall channel matrix transforms the backscatter
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Figure 2.1: An illustration of the general M x L x N backscatter RFID chan-
nel. hil represents the forward link from the m-th reader transmitter
antenna to the /-th tag antenna and hf’n represents the backscatter link
from the /-th tag antenna to the n-th reader receiver antenna. p,’,:’l means

the correlation between the forward link hrfnl and the backscatter link
hf’n. For the case that all the forward channels are independent with each
other, and are Rayleigh distributed, the M x L x N channel is equivalent
toa 1 x L x N channel. In the following parts of this chapter, we refer
the later case as the L x N channel for short.

RFID channel with the uniform query into the form of the conventional one-way
wireless channel: the received signals are just a linear transformation of transmit-
ted signals by the equivalent overall channel matrix. However, we also note that
the equivalent overall channel matrix itself is non-Gaussian, and has statistically

dependent entries, even if all the sub-channels are independent.
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2.2.2 Identical Signaling at the Tag End

By the backscattering principle, when the query signals arrive at the tag antennas,
the antennas reflect a portion of energy from the query signals back to the reader,
in this way the information symbols of the tag which are represented by the reflec-
tion coefficients of the tag circuits, can be conveyed to the reader. The reflection

coefficient matrices (also referred as the tag signaling matrices) are given by [27]

Fl (l‘)
S(t) = , (2.14)

FL(Z)

fortr =1,---,T. Here I'(¢) is the load reflection coefficient of the /-th tag an-
tennas at time . In general the reflection coefficient matrices can have unequal
load reflection coefficients based on specific tag circuit designs, and they are ac-
tually corresponding to the coding matrix C. Therefore space-time codes can be
implemented via specifically designing the reflection coefficients in the tag circuit,
while at a given time slot 7, if the reflection coefficients I';(7)’s are designed to
be identical for all tag antennas, the tag signaling matrices S(z)’s take an identical
form:

S(t) =TI (2.15)

The above identical signaling scheme is the simplest space-time code. It has been
proved that the BER performance in conventional one-way wireless channels can-
not be improved by the identical signal scheme, while in [27], simulations showed
that in the backscatter RFID channel, for some antenna settings the identical sig-
naling scheme can improve the BER performance significantly, but for some other
antenna settings the improvement is minor. Yet, there has been no analytical expla-
nations on why this is the case. In this following section, we will analytically study
the BER performance for the backscatter RFID channel with the uniform query
and identical signaling scheme. We will use the equivalent overall channel model

for the uniform query that we’ve derived in (2.13).
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2.3 BER Performance under Uniform Query and
Identical Signaling

Under the identical signaling scheme, the tag employs the identical signaling ma-
trix in (2.15) in which each tag antenna transmits the same symbol at time ¢. From
the channel matrix in (2.13), the instantaneous signal-to-noise ratio (SNR) at the

n-th receiving antenna is given by

L

ES W AN (2.16)
=1

where 7 means the average SNR. Each of these instantaneous SNRs follows the

following distribution [27]:

2,)/’5L71)/2 n
() = WKL—I (2 ?> , (2.17)

where K; | (-) denotes the modified Bessel function of the second kind. Using the
asymptotic approximations of the Bessel function [41], one can obtain the approx-
imation of the probability density function (PDF) for high SNR (e.g. as ¥ — o)

as,

g2 e 1.
_ln<7>, ifL=1;
—= if L>1.

(2.18)

To derive the BER performance of the N x L MIMO backscatter RFID channel
where N > 1, since the N receiving branches at the reader are statistically indepen-
dent as even for independent sub-channels, we cannot use the above distribution
and its approximation to directly evaluate the performance of the MIMO channel
by applying a widely used method as in [42] and [43] which requires indepen-
dency of receiving branches. Alternatively, we consider evaluating the BER using
the conditional probability approach. We will see later, to analytically study the

BER performance, we first need to investigate the properties of Gy 1 (-), a function
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defined by a multi-variate integration. The function Gy . (-) is defined as:

L

GNL?:/ / / exXp| — oy d(X1~-~d(XL. (2.19)
o =0 o= —I—’}/Zl lOCI)N 1:21

Here ¢ is the squared magnitude of the channel gain of the [ —th receiving branch,

N and L are the index of the function Gy £(7), and we define ¥ = where ¥

2 s
is the average SNR and g is a constant which is modulation dependegt. For the
coherent transmission case, the function Gy £(7) is the moment-generating func-
tion (MGF) of the MIMO backscatter RFID channel with L tag antennas and N
receiving antennas. For the non-coherent transmission case, the form of Gy 1(-) is
required in deriving the BER performance. The function Gy ;(-) defined in (2.19)

has the following recursive and asymptotic properties:

Proposition 1.

1 In(7) 1.
- ev 1 . = l.fL — 1’
GL(7)==EL <> = { 7 . (2.20)
Proposition 2.
L In(7) ot 1.
= ev 1 . y U“N* 1’
Gni1(7) = =En <> = 8 ' (2.21)
Y Y [ if N > 1.
Proposition 3
_ 1 . M (k—1)! _
G i(¥) = (_?)NA(N_1)!G17L(7/)—k:21 R i Cee-n (D @22)
Proposition 4.
-y IN<L
Gni(7) =4 ot ifN=L (2.23)
1 .
w-woE N>



In the above propositions, Ey(-) and Ey (-) are the exponential integrals defined
as Exy(x) = [~ de and Ef(x) = [~ expg%x)dx [44], where N and L are pos-
itive integers. The proofs of these propositions can be found in the appendix. With
the above properties, we are now ready to derive the exact and asymptotic BER
performances and study how the MIMO RFID backscattering channel behaves.

2.3.1 Non-coherent Case

For non-coherent receivers, the carrier phase need not to be tracked, and this
makes signal detections easier and less complex, while comparing with the co-
herent receiver, the non-coherent sacrifices a few dB for BER performance. The
non-coherent receiver is usually preferred by low cost systems. One important
diversity combining technique for non-coherent receiver at is called non-coherent
equal gain combining (EGC), in which the received signal at each receiving branch
is weighted by the same factor, irrespective of the signal amplitude. Modula-
tion schemes that can incorporate with EGC include differential phase-shift key-
ing (DPSK), frequency-shift keying (FSK) and on-off keying (0OK). In this section
we analytically study the performance of the backscatter RFID channel that em-
ploys the uniform query at the reader query end, the identical signaling at tag end,
and non-coherent EGC at the reader receiving end.

Note that the channel gain at the n-th receiving branch of the reader is given by
L
he=Y /I,
=1

When fixing the forward channel gains h'lf ’s, the channel gain 4, is a linear com-
bination of i.i.d. complex Gaussian random variables, hence the conditional distri-

bution of 4, on h{ ’s is a complex Gaussian distribution with variance

L

of =Y |n]|>.
=1

Therefore by fixing h{ >s, the N x L channel can be viewed as a single-input-multiple-

output (SIMO) channel in which each receiving branch is Rayleigh distributed and

has power (or variance) Zlel |h{.\2. Consequently using the result of the SIMO
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Rayleigh channel [45], we can have the conditional (on h{ ’s) BER for the N x L

backscatter RFID channel using non-coherent EGC as:

~ 1
Py o (7Ih]) = (2.24)
UV = )1+ gTEE B )Y
vl 2 \F
i |h
bek 14k ( gy_Zl—L”"f ) (2.25)
1+ g7(Xiey Il ?)
where
1Y (V1)
TN
and g is a constant which is modulation dependent [46]. Note that
_ k k
( STEL h] P ) :<1 ! )
1+g7Yr 1|hf|2 1+g7¥r 1|hf|2
-2 () 7oz
i=0 (1+e7X 1’hf‘ )i
hence we have
i Y 1
Py (Fh]) = bV =1+ k)Y (1) (F) —— 2
22“ = R o v DA
(2.26)

Averaging the conditional BER over ¢;’s (where |hlf |> = @) yields the BER for the
N x L backscatter RFID channel as:

(o) (o) L
Py () :/a 0L OPN,L(ﬂal)eXP (— Y oc;) doy---or
L= 1=

=1
T ENI(N 1)1 Zbk —1+k) 'Z <) w4+ (7)- (2.27)

The closed-form of the above exact BER can be computed recursively using Propo-
1

sition 3 with the initial knowledge G 1 (7) = %E (7) and G 1(7) = SEn(7).

21



Table 2.1 shows a few examples under some antenna settings.

While the closed-form BER can be obtained, it involves complicated recursive
forms and the behavior of the studied N x L backscatter RFID channel is not easy
to analyze, and we need to investigate an asymptotic form. Using Proposition 4,

we can obtain an asymptotic BER of (2.27) as:

Lio bi(N—14k)! YN b (N—14k)!

WGNL((@?) = Z;NTI(N—l)!(L—])~~~(L—N)(g')7)N’ if N < L,
Lio b(N—1+4k)! . YN b (N—14k)!In(gy) e
Pno(7)= %WGN’L(Y) N 22&‘?(1\?*1)!(N*1)!(g7)’v’ HN=1L;
7T Lho Ok(N — 1+ k)!
k i 1 .
xXico(=1) (f) NFi—1)-(N+i—L)(g7)L’ if N> L.

(2.28)
We can see that the above asymptotic BER form depends on the relation of the
values of L and N. Fig. 2.2 shows the BER performances of the N x L RFID
channels when employing the binary frequency-shift keying (FSK) with EGC. The
asymptotic diversity order d, can be obtained as

<_ IOgPN7L( _)
log(7)

d, = lim
Feo

) = min(N,L). (2.29)

It means that the asymptotic diversity order of the N x L backscatter RFID channel

under non-coherent transmission schemes is determined by the smaller value of N
and L. For the case of L = N, compared with the case of L # N, it requires a higher
SNR to achieve the diversity order N, because of the logarithm function in the
numerator in (2.28) when N = L. This property means that even the diversity orders
are the same the BER performances of the settings with N =L+1orL=N+1
are remarkably better than the performance of the setting with N = L. The BER
performance improvements from N =L+ 1to N=L+2, or from L =N+1 to
L = N+ 2, is not significant.

2.3.2 Coherent Case

Comparing with non-coherent receiver, coherent receivers need estimating the phase
of the transmitted signals, and the hardware of the coherent receiver is usually more

expensive than that of the non-coherent receiver. However the coherent receiver
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Table 2.1: Non-coherent case of the identical signaling scheme: Closed-
form BER expressions for the N x L backscatter RFID channel (equation

(2.27)).
_ L E(35) LE(G)
N= ° 2y ¢ ey
B 2057 Ey(L) 2(—gT+efTEi(5)+87)
N=2 L s K L L gl i L
(87)* 28787 Er(g5)+g7—e¥T Er(g5) | eV Ei(g5)—3(s7)’+2(s7)%e¥7 E(5)—g7+487e 57 E (35)
Ag7 Her)?

usually yields better performance than non-coherent receiver. The diversity com-
bining techniques for coherent receivers include maximum ratio combining (MRC),
EGC and selection combining (SC), among which MRC achieves the best BER
performance. For MRC, the gain of each received signal is made proportional to
the signal level and inversely proportional to the mean square noise level in that
channel. In this section, we concentrate on MRC as it achieves the best BER per-
formance among all the coherent diversity combining schemes .

If we fix the forward gains h{ ’s, the MIMO backscatter RFID channel can be
viewed as a SIMO Rayleigh channel in which the receiving branches are indepen-
dent and have power (or variance) Y'-_, ]h{ |?. Recall that the MGF for a Rayleigh

N |
<1+ 87 > ,
sin“ 0

therefore the conditional MGF of the N x L RFID backscatter channel is

= f g?ZIL:l ‘hlf|2 o
My 1. (87 Y 9%,) =|(14+——F"— . (2.30)

fading channel is given by [42]:

sin” 0

Integrating My 1. <g, ¥, O\h{ ) over o;’s (where oy = \h{ ?) leads to the MGF for
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Figure 2.2: BER performances (in (2.27) and (2.28)) of the MIMO backscat-
ter RFID channel using non-coherent identical signaling (BPSK with
EGC,).

non-independent N receiving branches as:

)

e L
MN,L(g797’}7) /a 0--- MNL(gaO ')/|(Xl)exp< Z(xl> dal...daL
L=

gYZ o\ " <

l 1 W

= ex —2 o |da;---da
/;CL =0 /061 < Sln 2] > p( =1 > ! t

=Gn(7), (2.31)

where 7 = siif 5
approach in [42], the BER of the N x L backscatter RFID channel for the coherent

L(+) is defined as in (2.19). Using the moment generating
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Table 2.2: Coherent case of the identical signaling scheme: Moment Generat-
ing Functions Gy (0) for the N x L backscatter RFID channel (equation

(2.31)).
L=1 L=2
. sin29 .
No1| SR B (0 sin’ 0
sin2_9 . 2gY sin%e .2 £ sin2_6 )
N=2 e &7 EQ(S‘gye)sinZG —fsin* O+e 7 El(%)sin(’ O0+7ye 87 El(%)sin“ﬂ
— 87 (7°

case can be expressed as:

_ 1 /2 _
Pvi(y) = p /9 i Gn.L(Y)d6. (2.32)

Since the closed form of Gy £(7) can be obtained recursively using Proposition
1 to Proposition 4, the BER Py 1 (¥) can be computed through the single integration
in (2.32) respective to 0. To have more insights on how the BER of the N x L
backscatter RFID channel behaves, we also derive an asymptotic form of this BER

expression. Using Proposition 4, the asymptotic BER for (2.32) can be expressed

as:
172 1 40 — Cx if N <L;
i L I A :
. 1 (% n . n : .
P =19 =. =0 w1748 = e N =L
17 1 _ G -
= Jozo - oEr® = w1V 2L(,2 )
2. I(1/24N T(1/2+L
where Cy = fézo sin? 0d6 = %&1\)’) and Cp, = %(112) Here I'(-) means

the Gamma function. Fig. 2.3 plots the BER curves of the N x L RFID channels
when employing BPSK with MRC at the reader receiver antennas. For the N x L
backscatter RFID channel under the coherent case, the asymptotic diversity order

can be given by

e logPvi(D)) _ .
dy = ;I,I_TO( l()g()'/)) = min(N,L). (2.34)

As we can see that the asymptotic diversity order is still min(N,L) in the coherent

transmission case, and the BER behavior is similar to that of the non-coherent case.
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Figure 2.3: BER performances (in (2.32) and (2.33)) of the MIMO backscat-
ter RFID channel using the coherent identical signaling (BPSK with
MRC) under perfect channel estimation.

2.3.3 Correlated Forward and Backscatter Links

In previous sections, we assume that the sub-channels are independent. In real
propagation environments, the forward and backscattering channel might be cor-
related (e.g. co-located reader transmitting antenna and receiving antenna), which
introduces additional fading and therefore limits the diversity gain. In this section,
we study the MIMO backscatter RFID channel with sub-link correlation p by sim-
ulations. We use the antenna setups: 1 X2 x 1 and 2 x 2 x 2 and simulate the chan-
nels under different values of the link correlation, i.e. p, = {0,0.2,0.4,0.6,0.8,1}.
Here, p, =~ |p ]2 means the link envelope correlation [26]. For the 1 x 2 X 1 channel,
we assume E(h] h?,) /02 = E(hl,h5,)/6% = p. For the 2 x 2 x 2 channel, it is as-
sumed that E(h{, i) /0 = E(h{,1},) /0 = E(h}, WY,) /02 = E(h5,h8,) /02 = p
and E(hilhf’n) /6% =0 for m # n. An extreme case is the fully correlated channels,
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i.e. p. = 1, which can occur only if the reader transmitter and the reader receiver
are co-located and have the same antenna patterns [26]. Generally p, < 1. To study
the effect of the link correlation on the BER performance, we simulate the chan-
nels with different link correlation coefficient p and show the results in Fig. 2.4.
We observe that for identical signaling scheme, the BER performance decreases as
pe increase in middle and high SNR regimes. For the 1 x 2 x 1 channel, at BER
of 107%, a 5 dB loss is observed from p, = 0 to p, = 1 for the identity signal-
ing scheme. For the 2 x 2 x 2 channel, the loss is 3 dB for the identical signaling

scheme.

2.4 Diversity Order and Performance Bottleneck

In conventional one-way wireless channels, the identical signaling scheme cannot
improve the BER performance, since sending same signals through L transmitting
antennas and combing the signals through N receiving branches will have a di-
versity of N, which means that the performance is invariant with the number of
transmitting antennas and is only determined by the number of receiving branches,
while for backscatter RFID channels, one interesting observation is that the di-
versity order under the identical signaling scheme, as shown in Eqn. (2.34), is
min(N, L), which means that the diversity order is determined by both parame-
ters N and L. Clearly for some antenna settings, having more tag antennas could
bring significant performance improvements. For example, the antenna setting
N =3, L =2 has diversity order of 2 and has much better performance than the set-
ting N = 3,L = 1 which has diversity order of 1, while the diversity min(N,L) also
implies that there is a performance bottleneck for the backscatter RFID channel:
if N—L > 1, solely increasing the number of receiving antennas N does not en-
hance the BER performance significantly; similarly if L — N > 1, solely increasing
the number of tag antennas L does not enhance the BER performance significantly
either. The diversity orders and performance bottlenecks for the backscatter RFID

channel and the one-way Rayleigh channel are summarized in Table 2.3.
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Table 2.3: Comparisons between the backscatter RFID channel and the
Rayleigh Channel when both the channels employ the identical signal-
ing scheme.

Channel Diversity Order | Bottleneck
backscatter RFID channels min(L,N) increase N if N —
L > 1; orincrease L
isL-N>1
one-way Rayleigh channels N increase L

SNR (dB)

Figure 2.4: The BER performances of the identical signaling scheme, with
different link correlations.

2.5 Conclusion

In this chapter, we provided a mathematical modeling of the MIMO backscatter
RFID channel and showed that this channel has fading structure and signaling

mechanism radically different from the conventional one-way point-to-point wire-
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less channel. Then we considered the simplest diversity method for the backscatter
RFID channel: the reader query antennas employ the uniform query and the tag
employs the identical signaling scheme. We derived an equivalent overall channel
matrix for the uniform query. By using the equivalent channel matrix, we showed
that the achievable diversity order of the backscatter RFID channel for the identical
signaling scheme is min(N,L), i.e. the minimum of the numbers of tag antennas
and reader receiving antennas. This diversity order can also be used to explain
why the identical signaling scheme, which has been proved to have no BER im-
provement in conventional one-way wireless channels, can improve the BER per-
formance in the backscatter RFID channel significantly for some antenna settings,
while the improvement can be minor for some other antenna settings. The analy-
sis in this chapter can help us to better design simple, effective MIMO backscatter
RFID systems with high performance.
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Chapter 3

Backscatter RFID Systems with
Space-time Coding and Unitary

Query

In Chapter 2, we investigated the performance of the case when the reader trans-
mitter employs uniform query, and the tag employs identical signaling scheme.
In this Chapter we consider more complicated cases. First, we consider the case
when the tag applies orthogonal space-time code, while the reader still applies
uniform query. For this case, we provide a general formulation for performance
analysis. This formulation is applicable to any sub-channels fading assumptions.
Using this formulation, we analytically study the SER performances for Rician and
Nakagami-m sub-channels, and derive asymptotic SERs in closed form. We also
generalize the performance analysis to general space-time code by providing a per-
formance upper bound that the backscatter structure may ever achieve. We find
that the diversity order achieves L for Rician fading and achieves Lmin(m s, Nmy)
for Nakagami-m fading, where m; and m, are the m parameters of the forward
and backscattering links, respectively. Two receiving antennas (N = 2) can cap-
ture most of the receiving side gain regardless of the number of tag antennas L for
Rician fading, and this is also applicable to Nakagami-m fading if the two links
of the cascaded structure have similar channel conditions. More interestingly, we

show that the performance of the backscatter RFID channel is more sensitive to the

30



channel condition (the K factor or the m parameter) of the forward link than that of
the backscattering link.

Second, at the reader query end, we propose a novel scheme called unitary
query. To our best knowledge, it is the first time that the unitary query has been
proposed in RFID. In previous literature for MIMO backscatter RFID channels,
only the uniform query was considered, and the understanding of query signals
was that they only play a role as an energy provider for the RFID tag and thus
cannot provide spatial diversity. In this chapter, however, we show that in quasi-
static channels, the query signals can provide time diversity via multiple reader
query antennas for some space-time codes, and hence improve the performance for
the backscatter RFID significantly. We also analytically study the performance of
the proposed unitary query. Due to the specific signaling and fading structure of the
backscatter RFID channel, the PEP and even the diversity order are not trackable
for the unitary query, we thus provide a new measure which can compare the PEP

performance of the unitary query with that of the uniform query.

3.1 Space-time Coding with Uniform Query

In Chapter 2, we analytically study the identical signaling scheme which results
from same reflection coefficients at each tag antenna load, while more complicated
signaling schemes can also be implemented by designing unequal load reflection
coefficients in the tag circuit. For example, the following reflection coefficients

matrix

S(1) = , 3.1)
FL(I)

can result in space-time codes at the tag end. If we want to implement Alamouti’s

code, the circuit design will follow the diagonal signaling matrix at time slots t = 1

S(1) = ( “l ) S(2) = < = ) ) 3.2)
ca ;

Suppose the tag is with 2 antennas and the RF tag ID is (¢, c2,c¢3,c4). At the ID

andt =2 as

transmission layer, one way to implement the signaling scheme of (3.2) is to design
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the reflection coefficients of one antenna loading to be (c¢i,—c3,c3,—c}), and the
coefficients of the other antenna loading to be (c2,c},c3,¢;). In this design, the
power consumption is roughly doubled but no computational capability is required.
Nowadays design of RF backscatter circuit requires the power to be as low as 15.5

pJ/bit [21], which makes the implementation of space-time code possible.

3.1.1 A Conditional Moment Generating Function Approach for
Orthogonal Space-time Block Codes (OSTBCs)

OSTBC is an attractive MIMO coding scheme and provides a solution for relia-
bility of passive RFID systems at UHF [47] which allows good spacing between
antennas. MIMO channels with OSTBC can achieve different diversity orders for
different type of fading models: Full diversity of LN in i.i.d. Rayleigh fading [48]
[34], and min(L,N) for the keyhole channel with i.i.d. Rayleigh sub-channels.
In this section we study the performance of OSTBC when the sub-channels fol-
low Racian fading and Nakagami-m fading (i.e. for cases that h{ ’s and h? L, S are
Racian distributed and Nakagami-m distributed respectively). Rician fading is as-
sumed when LOS propagation dominates [49], while Nakagami-m fading, a more
suitable fading model for indoor ultra-wideband (UWB) channels [50], is also used
to model sub-channels for UWB backscattering radio [51]. Our results can be eas-
ily narrowed down to Rayleigh fading which is a special case of Rician fading and
Nakagami-m fading.

Due to the nested structure of the channel matrix in (2.13), it is difficulty to
evaluate the SER of RF backscattering channels using the approach that was used
for keyhole channels and other wireless channels: evaluating the distribution as-
sociated with the channel matrix first. Instead, we introduce a conditional MGF
approach which transforms the nested structure into a nice form, and in general
the approach can be used to find the SER with arbitrary fading assumption of sub-
channels hlf’s and h?n’s.

We assume that/the channel is with quasi-static fading and the channel state
information (CSI) is known at the reader. Because of the orthogonality property,
OSTBC can be transformed from the MIMO fading channel to the following M
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parallel SISO channels [35]:

y=1/|H|?2x+z, (3.3)

where |H||F = \/Zfivzl Y |h{hﬁn|2 is the Frobenius norm of H, x = (x1,...,xy)"
represents the M incoming symbols and each element of z = (z1,...,z37)7 is com-
plex Gaussian distributed with zero-mean and unit-variance. y = (y1,...,yy)" rep-
resents the received symbols and can be detected based on a simple maximum
likelihood method. Note that the channel gain was divided by L in [35] because
the transmission power should be normalized to unity. In real passive RFID signal
transmission, however, the transmission energy is from the reader and is propor-
tional to the number of tag antennas when the reader querying energy is fixed,
therefore (3.3) is a more appropriate modeling. Let E;, denote the average energy
per bit and E denote the average energy per symbol, then E; = Ejlog, K where K
is the size of the signal constellation. The instantaneous SNR per symbol is there-
fore given by y = ”H”%IiogzK% - HHH?;OgZK}‘/ = ||H||2¢7, where R = M/T means

0
the rate symbol rate and we define g =

log, K
—5 -
channel, we assume that forward links hlf and backscattering links h? , are Rician
distributed with K factors Ky and K}, respectively. The SER for OSTBC can be

calculated by averaging the density of ||H||% over Q(g7|/H||%):

T2
Postec(¥) = En (Q (y/g}'/\HH%)) = % - G(7)d6. (3.4)

Here we employ the alternative representation of the Q function as in [42] and we
- 7 — 5 2
define ¥ = S,gV .G(7) =Exn (exp (—%)) means the MGF of | H||2.

in” O sin® 0

To find G(7), one approach which has been used in finding the SER of keyhole

For the Rician RF backscattering

fading and other wireless channel is to find the PDF of |H||% first. However, for
the structure in (2.13), evaluating the density of ||H||% is not tractable. Instead, we
define

L L N
HIz=Y IH|; =YY ap. (3.5)
=1 [=1n=1
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as the squared Frobenius norm of the /-th column of H, where o = ]h{'|2 and
Bin = |R] ,|*. We can see that |[H,||7s* are independent random variables, therefore
the MGF G(7) can be represented as a multiplication of the MGFs of | H;||%s’:

L
Gy =[16(P). (3.6)
=1

Note that if we fix @;, the random variable ||H;||% = oy ZQ’:I By is exactly the
same as the gain of an N-branch SIMO system with MRC at the receiver, with N
branches h; , = oy}, forn =1,...,N, and each branch has transmission power 0.
So we have the MGF G,(7) as

DQN
Gi(7) = / [T G (a0}, (3.7)

and therefore

- L -
7 =11 (/ H oy (V) Sy al)dal> (3.8)
=1

where fo, (o) is the PDF of ¢ and Gy, o, () is the MGF of conditional distribution
of h;, on oy (the squared magnitude of the /-th forward channel gain). The nice
things for the form in (3.8) are: It involves only one scalar integral hence avoids
lots of numerical difficulties; The PDF f, () and the conditional MGF Gy, o, (7)
for known fading models are given in existing literature. In this chapter we focus

on Rician fading and Nakagami-m fading.

Rician Fading

Here we evaluate the SER of OSTBC for the backscatter RFID channel with the
assumption that h{ ’s and h;’_ . 8 are Rician fading. For Rician fading, the PDF of o

is:

Fog(04) =(Ky + 1)e K- Er ey < 4K (Ky + 1>0“> , (3.9)
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where we use Ky to represent the K factor of the forward channels. Note that in
Rician fading, the MGF of 3, ,, = |h§’7 |? is given by [42]

o Ketl O KY
Gp,, (V) = Kb+1+7eXp< Kb+1+77>' (3.10)

Therefore the conditional MGF Gy, |, (7) can be given by multiplying the SNR of
(3.10) by oy:

(3.11)

- Ky, +1 Kyyoy
Gh[},,‘a[( ) = <_

—————eX -
Kp+1+70 Ky +1+7y0y

where K, is the K factor of the backscattering channel. Substitute fg, (04) and
Gi,,.|oy (¥) into (3.8), the exact form of G;(¥) can be given as

: > DlDD M
,}, ZZ 3,),1KN1Kmtl

x <K1K2>N (o (erl) ( KIK )mHj

KK
xr(j—N—i+1,172> (3.12)

where K| =K, + 1, K, = K+ 1, Dy = Kye ®/KY, D, = K¢K,, and D3 = —NK,,.
The above exact form is complicated and cannot provide a insight on how the
channel behaves, therefore we provide an asymptotic form which is still a good
approximation of the exact form but much more concise and can provide good

insight on how the channel behaves:

Gi(

1t (n(7) 4.\ 71 N = 1
)i{ cfct(m@+c") 7 ifN=1; .

clch(N=2)17", ifN>1.
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Substituting (3.13) into (3.6) then into (3.4) can yield asymptotic expression of
SER for OSTBC:

CL(cfcb)L<(1n(7) chy )L, ifN =1

C (Cfcb )L N> 1, G

Postec(Y,N,L) =

whete Cf = Koe X1, €} = Kie ¥, € = Ka(~NKy) M1 (MK g2 L),

1
Cff = k1 1~ In(KiKy). and C, = 5 &

umes of derivations involved to arrive the expressions of MGF and SER, to give

Since there are considerable vol-
concise presentation, we put them into the Appendix for reference.

Nakagami-m Fading

For the Nakagami-m RF backscattering channel, we assume that forward links h{ ‘
and backscattering links h? ,, are Nakagami-m distributed with the parameters m
and my, respectively. Following the general approach given by in 3.1.1, a similar
procedure as Rician fading can be applied to analyze the error rate performance of
the Nakagami-m distributed channel. The PDF of ¢ is given by

m'y’

f
[(my)

and the MGF of f;, in Nakagami-m fading is as

myp—1
%

Jo(00) = exp(—myoy), (3.15)

_ ,)=/ —my
V)=|(1+—"— N
Gﬁl,n ( ) ( + mb ) I (3 6)

hence conditional MGF Ghz,n\az(:) can be obtained by multiplying the SNR of
(3.16) by oy:

Gy oo (V) = <1 +Y061> . (3.17)

myp
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Accordingly to Appendix B, we can have a closed form of G;(%):

mymp N Nmy,
e 7 (mfzmb) my—1
Y

L(my) ;} (Tf”) <mi’;b>’"f1./

. mgmy,
xT J—Nmb+1,-T , (3.18)

Gi(y) =

for integer my, and the asymptotic form as

my, m

_ " M n & — _ S—mp s _ .
Gl(_) - T(my) FEIIIZ) Inmy, lnmf))/ R if my mpN,; (319)
a— = .
m?m? NORA boif mys # mpN.
Therefore, we can have an asymptotic SER as:
Postec(7,N,L)
m m L
m,"-m — — .
. Crm, <1’_’(mf’; (ln}/—lnmb—lnmf)> yLms if mp = myN; (3.20)
p— L - . ’
Cup (m?mz 1“?@1;)) y L if my # mpN,
_ _ i _ _T(G+Lmy) _
where a = max(my,Nmy,), b = min(mg,Nmy), Crp, = SVAT (L))’ and Cp =
1
%. The exact and asymptotic forms are derived with the assumption that

my is integer. We will see in simulations that the asymptotic form is also a good

approximation for non-integer m.

3.1.2 Diversity Order, Performance Bottleneck and Impact of the
Sub-channel Quality

We perform Monte Carlo simulations to verify our analytical results. The simu-
lations are based on BPSK and the OSTBC used is Alamouti’s code [48]. Our
derived expressions also generalize the SER expression for tags using one antenna,
where no coding scheme is applied and MRC is applied at the receiver side. Thus
for L =1, no coding scheme is used; for L =2 Alamouti’s code is used. We can see
from Figs. 3.1, 3.2 for Rician fading and Figs. 3.3, 3.4, 3.5 for Nakagami-m fad-

ing that our exact and asymptotic expressions match well with simulation results.
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Figure 3.1: The SER performance of the backscatter RFID channel, the K
factors are Ky = Kj, = 0 dB. From the top to the bottom: (L=1,N=1),
L=1,N=2),(L=1,N=3),(L=2,N=1),(L=2,N=2), (L=
2,N =3).

Below we discuss two important properties of this backscatter RFID channel: the
diversity order and the effects of forward and backscattering links on the error rate
performance.

One important property in a MIMO channel is the diversity order. From the
asymptotic expression in (3.14), the diversity order for the MIMO RF backscatter-

ing channel under Rician fading is

b _10gP(7>>_
d, = g;( e =L (3.21)

It is interesting that the diversity order does not depend on the number of receiving
antennas, as also observed from Figs. 3.1 and 3.2, where it is clear that the slopes

of the SER curves only depend on L. However, for one receiving antenna (i.e.
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Figure 3.2: The SER performances of the backscatter RFID channels, where
Ky = K}, = 3 dB. From the top to the bottom: (L=1,N=1),(L=1,N=
2),(L=1,N=3),(L=2,N=1),(L=2,N=2),and (L=2,N =3).

N = 1), it requires higher SNR to achieve diversity order of L than for the case
N > 2, because of the logarithm function associated with SNR in Eqn. (3.14),
and leads to a significant performance enhancement by increasing the number of
receiving antennas from one to two. From Eqn. (3.14), we plot Fig. 3.6 to show the
gains by increasing N. We can see that, for N > 2, the performance enhancement
is not significant when using more receiving antennas. This is because, when N >
2, the SERs are only different by a coefficient Cg’ (N —2)! which cannot provide
additional diversity gain. The above observations suggest a good trade-off between
performance and hardware complexity: In the MIMO RF backscattering channel
under Rician fading, since two receiving antennas can capture most performance
enhancement by the receiving antenna diversity, it is good to have two receiving

antennas regardless how many tag antennas the system has.
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Figure 3.3: The SER performances of the backscatter RFID channel, with
m¢ = my, = 1. From the top to the bottom: (L=1,N=1), (L=1,N =
2),(L=1,N=3),(L=2,N=1),(L=2,N=2),(L=2,N=23).

For the Nakagami-m fading, the diversity order is
du = Lmin(mf,Nmb). (322)

For the case that the channel condition of the forward link is not significantly better
than that of the backscattering link, i.e. my < Nmy,, the diversity order is reduced
to

d, = Lmy. (3.23)

This is consistent with the Rician fading case in the sense that the diversity order
is not related with the number of receiving antennas, as observed in Figs. 3.3, 3.4
and 3.5 where the slopes of the SER curves are determined by L. For the case

that the channel condition of the forward link is not significantly better than that
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Figure 3.4: The SER performances of the backscatter RFID channel, with
mg =my, = 1.5. From the top to the bottom: (L=1,N=1), (L=1,N =
2),(L=1,N=3),(L=2,N=1),(L=2,N=2),(L=2,N=23).

of the backscattering link, the rule that two receiving antennas can capture most

performance enhancement by the receiving antenna diversity is also applicable in

Nakagami-m fading, as verified by checking the coefficients Fgfl(;)h ) in (3.20).

It is worth mentioning here that other types of cascaded channels generally
achieve different diversity orders. For instance, the diversity order of the Rayleigh-
Rayleigh keyhole channel is min(L,N) [52]. This is due to the different cascaded
structures of the channels, and we summarize the diversity gains in Table 3.1 for

comparison.

Performance Improvement by Employing OSTBC in Backscatter RFID
Channels

In Chapter 2 we found that the diversity order for identical signaling with uniform

query achieves (N,L). In this subsection, we investigate how much performance
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Figure 3.5: The SER performances of the backscatter RFID channel, with
m¢ = my, = 2. From the top to the bottom: (L=1,N=1), (L=1,N =
2),(L=1,N=3),(L=2,N=1),(L=2,N=2),(L=2,N=23).

Table 3.1: Diversity order comparisons between different fading channels
when OSTBCs are employed.

Cascaded form Rician Nakagami-m
RF backscattering L Lmin(ms,Nmy)
keyhole channel min(L,N) [53] | min(Lms,Nmy) [54]
1.i.d cascaded channel LN [553]. LN min(m g, my)

enhancement can be brought by employing OSTBC instead of identical signaling.
Fig. 3.7 compares the BER performances of Alamouti’s coding scheme and the
identical signaling scheme in the N x L backscatter RFID channel, where the RF
tag is equipped with 2 antennas (i.e. L = 2) and the number of reader receiving
antennas varies from 1 to 3. A significant performance improvement (about 10
dB) is observed by Alamouti’s coding scheme for the setting N = 1. However,

for the settings N = 2 and N = 3, the improvements by Alamouti’s scheme are
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Figure 3.6: The asymptotic form in (3.14) shows that two receiving antennas
are enough to capture most of the receiving side gain: For N > 2, the
receiving side gain is only brought by the coefficient (N — 2)!C§’ . We

(N=2)!C5|n—2 (N=2)!C8|n—3

(N—2)!C|v=3 (N=2)1C}|n—4

number of receiving antennas from 2 to 3 and from 3 to 4, respectively,

to compare with the gain from N =1 to N = 2, at SNR = 20 dB.

plot

which are the gains by increasing the

not significant (i.e., 3 dB for N =2 and 1.5 dB for N = 3). This observation
can be explained by the derived asymptotic BER expressions in equations (2.34)
and (3.21): Our analysis for the OSTBC scheme implies that for Alamouti’s code
the achievable diversity gain is L (L = 2 in this example) for any N in the N x L
backscatter RFID channel. Consequently for the settings with N > L, Alamouti’s
code yields the same diversity order as that of the identical signaling scheme in
the NV x L backscatter RFID channel, and the BER performance improvement is
limited. In other words, when N > L in a MIMO RFID system, OSTBC doesn’t

yield significant performance improvement over simpler signaling schemes.
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=—H— Alamoulti’'s code

Figure 3.7: The BER performance comparison between Alamouti’s coding
scheme and identical signaling scheme. A significant BER improve-
ment by Alamouti’s code is observed for N = 1, while the improvement
is much smaller when N > 2. These properties can be explained by our
analysis of the MIMO backscatter RFID channel under the OSTBC and
identical signaling schemes.

Impact of Forward and Backscattering Channel Conditions

Another interesting property of the MIMO RF backscattering channel is that its
performance is more sensitive to the channel condition of the forward link than to
that of the backscattering link when N > 2.

For Rician fading, the following is observed from Fig. 3.8: with K being fixed,
SER performances are almost remain the same when K}, changes. By contrast, with
K, being fixed, SER performances change significantly when Ky changes. This can
also be observed from the asymptotic expression we derived in (3.14): the effect of
forward channel is reflected by the coefficients ¢/, and that of the backscattering
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Figure 3.8: The performance of the backscatter RFID channel is much more
sensitive to the K factor of the forward link. When Ky = 0 dB is fixed,
the variations of K}, (0,3,5 dB) do not affect too much on the SER, by
contrast when Kj, = 0 dB is fixed, the variations of K (0,3,5 dB) change
the SER significantly. Here N = 3, L = 1, and no coding scheme is used.

channel is reflected by Cé’ . A plot of the two coefficients is given in Fig. 3.9, which
is consistent with what we note in the SER curves.

Fig. 3.10 shows that similar observations are true for the channel with Nakagami-
m distributed forward and backscattering links. This can also be inferred from the
asymptotic form in (3.20), as my can change SER significantly if my < Nm;, which
is highly likely to be true if we increase the number of receiving antennas N.
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Figure 3.9: Illustration of the reason that the performance of the backscatter
RFID channel is much more sensitive to the forward link. The asymp-
totic form in (3.14) shows that the error rate performance is much more
sensitive to the channel condition of the forward links. le and Cé’ are the
coefficients in the asymptotic SER related with the forward links and the
backscattering links, respectively. Cé’ is almost constant as the K factor

in the backscattering links increases, while C{ decreases significantly as
the K factor in the forward links increases.

3.1.3 PEP Lower Bound for General Space-time Codes and
Maximum Achievable Diversity Order

Although OSTBC is one of the most attractive MIMO schemes with a simple de-

coding process, we are still interested in the performance of general (non-orthogonal)

space-time codes because we would like to investigate the performance limit of

the backscatter RFID channel. The exact error-rate form of the backscatter RFID

channel for the non-orthogonal space-time code case is not trackable due to the

complexity of the channel matrix. In this section, instead of providing the exact
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Figure 3.10: The performance of the backscatter RFID channel is much more
sensitive to the m parameters of the forward link. With fixed my =1,
the variations of m,, (1,1.5,2) do not affect SER much; while for fixed
my, = 1, the variations of my (1,1.5,2) affect SER significantly. Here
N=3and L=2.

form of the PEP, we provide a PEP bound lower bound for the non-orthogonal
code case. This bound helps us to understand the best performance this channel

can ever achieve.

Proposition 5. With the assumption of ideal channel state information, let the
probability of transmitting code word ¢ and deciding in favor of e at the decoder
be P(c — e). This probability is lower bounded by

P(C - e) > POSTBC(A'max')_/vN,L)a (324)

where Ay is the largest eigenvalue of D = (¢ —e)(c —e)™.
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This shows that the maximum achievable diversity order is L for the backscatter
RFID channel under Rician fading and is Lmin(my, Nm;,) for Nakagami-m fading,
both with the maximum achievable coding gain as A%

max*

Proof of Proposition 5. The conditional PEP on the channel gain H is

n=0

N
Plc—e/H)=Q (7 ) H,DH] ) (3.25)

where H,,’s are the column vectors of H. Since D is Hermitian, it has an eigende-

composition as
D =UvU” (3.26)

where U is a unitary matrix and V is a diagonal matrix whose elements are the
eigenvalues of D. Let the entries of V be replaced by the largest entries of V and

we name the new matrix as Vax. It follows that
H,UVU”H? <H,UV,,, U'H, (3.27)

because U(Viax — V)UH is positive-semidefinite. The equality holds for OSTBC.

Since the Q function is monotone decreasing, we have

N
Plc—eH)=Q (72 H,DH” ) (3.28)
n=0
N
>Q (72 H, D, HY ) (3.29)
n=0
= Q (Amax7/HI[7) (3.30)

for all H, where Dy,,x = UV .U, Taking the expectation of the above inequality,

we have

P(c — e) > PosteC (Amax?, N, L). (3.31)

O]
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A tighter bound given in Proposition 6 can be obtained with the assumption
that the phases of forward channels and/or the phases of the backscattering are uni-
formly distributed over (—, ] and are independent with their channel envelopes.
The assumption is true for the forward-backscattering structures of Rayleigh-Rician,
Rician-Rayleigh, Rayleigh-Rayleigh, Nakagami-Rayleigh, Rayleigh-Nakagami. It
is also applicable to the Nakagami-Nakagami structure if the phases of the sub-

channels are uniformly distributed.

Proposition 6. If the phases of forward channels and/or the phases of backscat-
tering channels are uniformly distributed, a tighter bound of PEP can be given

as
P(C — e) > POSTBC()Lavg’}_/vNaL% (332)

where Aqyg is the average of the eigenvalues of D.
This shows that in this case the coding gain can be further bounded by A%

avg*

Proof of Proposition 6. We first rewrite the pair-wise code distance Zﬁ;’:l H,DH/

as
N N L 5
H,DH = Y | Y dilhil*+ Y diya,dfl jhua il
n=1 n=1 \U=1 L2
=7Z+X (3.33)

where d; ;s* are the entries of D and we define the real random variable X as
X =2R{ N 1 gy df] b, b and Zas Z= £ -yl where
hyy = h{ .hf’. , represents the entries of H.

Case 1 The phases of forward channels are uniformly distributed
Our goal is to find Eg (Q ( 2’: | H,,DHnH ) ) Note that the /-th forward channel gain
h{ can be written as h',f = |h1f |cos 6;, where 6 is the phase of h‘lf and is uniformly
distributed over (—m,]. We first fix |h{

links) and hﬁ . 8 (i.e. the channel gains of the backscattering links). Note that right

’s (i.e. the magnitudes of the forward

now we only leave the phase of the channel gains of the forward links h{ ’s to be free

to choose over the space in which |7 |’s, h? ’s and |h{ |’s are all fixed. Since 6; is
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independent with hf , and \h{ |, it yields that the conditional distribution of X on h? "
and |/ is identical with the conditional distribution of —X on k?, and |A/]. This
implies that the distribution of X is symmetric about zero, and therefore E(X) =
0. Since the Q function is convex for positive arguments, using the conditional
expectation and the fact the a convex function applied to the expected value of a
random variable is always less or equal to the expected value of the convex function

of the random variable, we have

P(c—e) =Ezx(Q(¢7(Z+X)))
= Ez(Exz(Q(g7(Z +X))|2))
> Ez(Q (Ex2(g7(Z+X|2))))
=Ez(Q(g72)) (3.34)

N L
En (Q <g72 H,,DHf)) > Egn < ( Z ll\h,,,;ﬁ)) . (3.35)
n=1 =1

Note that Eg (Q (7X0 Xi i diilhnyl*)) = L [o_oITi—; G(d1,7,N,1)d6. It fol-
lows that the coding gain is bounded by H,L:1 d;; and the diversity gain is bounded
by 7. Now we claim that

su (2w o)) -0 o, )

= POSTBC()’an}77N7L)' (3-36)

or

HMZ

The proof is given as follows: Since ||c—e||r = Y| & = LA, = trace(D) =
Z%:] dl.,la

N L
H (Q (87’2 Zdl,llhn,z|2>> =En (Q(g7(W +Y))) (3.37)
n=1[=1
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where we define

N L
W=YY Aaelhnil?, (3.38)
n=1I[=1
and
N L
Z Z dll avg |hnl| (3-39)

Moreover, by symmetry, the conditional distribution of |/, |*’s on W are identical,
ie. |ha|*W (I =1,--- L) are identical (but not necessarily independent) r.v.s.

Therefore their conditional expectations on W must be the same, i.e.,

Eppy e (B1al? W) =By o (lhoa W) = - =Epp, g ( ). (3.40)
It follows that
L
Eyw (Y|w) = Z (Z di1 — Aavg) >Elhsz (|h17n|2‘W)
=1 \U=1
-0, (3.41)
since (Z%:l (dig— lavg)) = 0. Therefore we have
En (Q(g¥(W +7))) = Ew (Eyjw (Q(g¥(W +Y))[W))
> Ew (Q (Eyw (g7(W +Y)|W)))
=Ew(Q(g7W))
= POSTBC(AanT@N?L)- (3-42)

Again, this is followed by the fact the a convex function applied to the expected
value of a random variable is always less or equal to the expected value of the
convex function of the random variable.

For the case that the phases of the backscattering links are uniformly dis-

tributed, the proof is similar and we omit it here. O
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3.2 Space-time Coding with Unitary Query

Recall that there are three ends in the backscatter RFID structure. In Section 3.1,
the potential of diversity gain is fully explored at the tag end, by applying space-
time codes. Now we explore the potential diversity at the reader query end. In
the previous literature [14, 26, 27], the understanding of the query end was that it
only played a role as an energy provider, and since there was no information to
be conveyed from the reader query end, query signals could not provide spatial
diversity for the tag. However, in this section we reconsider the query signals
and propose the unitary query the first time. We show that the proposed unitary
query can improve the PEP performance of STC significantly, by providing the tag
time diversity via employing multiple antennas at the reader query end. Due to
the difficulty of obtaining the asymptotic PEP and the even diversity order for the
proposed unitary query, we also provide a new measure for performance analysis.
With the new measure, we do not need to exactly calculate the PEP but can still
compare performances of different query and space-time coding schemes. Recall
that in Chapter 2, the channel model of the M x L x N backscatter RFID can be

characterized by
R=QHoCG+W, (3.43)

where both the forward sub-channels (represented by H) and the backscattering
sub-channels (represented by G) are modeled as i.i.d. complex Gaussian random
variables with zero mean and unity variance.

In general, query signals can be designed followed by any arbitrary Q. For the

so-called unitary query, the query matrix Q satisfies
QQ7 =1L (3.44)
Since Q is unitary and the entries of H are i.i.d complex Gaussian, we have

X111 v X1L
QH~X= oo ; (3.45)

Xr1 o XTL
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where x;;’s are 1.i.d complex Gaussian. The resulting matrix X is with size T x L,
so the unitary query actually transforms the forward channel H, which is invariant
over the T time slots, into a channel X which varies over the 7 time slots. We
will show later that this variation over the 7" time slots is the fundamental reason
that the unitary query can bring additional time diversity and significant perfor-
mance improvement for some STCs in the backscatter RFID channel. Therefore
the backscatter RFID channel with the unitary query has an equivalent channel

model as
R=XoCG+W. (3.46)

Now we define the code words difference matrix for code words C and C' as,

517] 5] T
5L,1 5L,T

The PEP can be obtained by

PEP(7) = Enc (Q (V7)) (3.48)

where

Zx =||QHo CG — QHo C'G|f}
~[|XoAG|; (3.49)

is the random variable which represents the distance between the code words C
and C'.

3.2.1 New Measure for PEP Performance

Diversity order is a conventional measure of the PEP performance for space-time
codes. It has been used for performance analysis and is an important criteria for
code construction. In conventional wireless fading channels, which have a simpler

signaling and fading structure than that of the backscatter RFID channel, usually
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the asymptotic PEP and the diversity order can be obtained in closed form, based
on which the code design criteria can be derived accordingly. However, due to
the query-fading-signaling-fading structure given in (2.5) of the backscatter RFID
channel, the asymptotic PEP and diversity order for the general space-time code
cannot be obtained in analytical form. In this section, we provide a new measure
of the PEP performance in the backscatter RFID channel.

Recall the distance between two code words given in Eqn. (3.49). At each time

slot ¢, the distance is given by

Zi ~ || (xeetse o sxeL) 0 (814, 810 ) Gl
= [|(xe1,- ,x,7L)A,G||%

(3.50)
where A; is defined as
011
A2 L , (3.51)
OLs
then over the T time slots we have
T
Zx ~ Y (e, x)AGIE
=1
T
=Y G B, (3.52)
=1
where E; is defined as
E £ AG. (3.53)

We will see later that the ranks of the random matrices E;’s determine the perfor-
mance for the unitary query.

We use Zy to denote the distance between code words when the backscatter
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RFID channel employs the uniform query,

T
ZY ~ Z H(y17 7)’L)Et‘|12”
=1
:H(yhayL)(Elv?ET)H% (354)

Note that inside a || - || operator, the columns of the matrix (E;,--- ,Er) are inter-

changeable, therefore we have

Zy = |01, ,y2) (D1, -+, Dy) |7, (3.55)

where D,,’s are defined as

D, £AG,, (3.56)
and where G,,’s are defined as
n,
G, = ; (3.57)
h
forn=1,---,N. Also, we will see later that the rank of the random matrix
D £ (Dy,---,Dy) (3.58)

determines the performance for the uniform query.
Now we give the following two Lemmas about the ranks of the random matri-

ces E;’s and the rank of the random matrix D.

Lemma 1. For the matrices E,’s defined in (3.53), we have rank(E,) = min(N, L)
with probability (w.p.) 1 for allt € {1,--- T}, where L; is the number of non-zero

elements of the t-th column of the code words difference matrix A.

Proof. Let g1,---,gn denote the columns of G. We consider a set of scalars
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{a1,--- ,an} where a, € C, for any linear combination of the set of vectors, {g;,---,gn}
L
b=Y a.g, (3.59)
n=1

is a zero-mean complex Gaussian random vector with covariance matrix Y, ||a, ||*T

Therefore
P(b=0)=0. (3.60)
When N < L, (3.60) implies that
P (rank(G) < N) =0, (3.61)
or
P(rank(G) =N) = 1. (3.62)

When N > L, by performing a linear combination of the rows of G and following

a procedure similar to the case that N < L, we can obtain
P (rank(G) =L) = 1. (3.63)

Hence the matrix G is of full rank with probability 1, i.e.
P (rank(G) = min(N,L)) = 1. (3.64)

Now notice that A; is diagonal, therefore E; = A;G has L; non-zero rows. Because

G is full rank w.p. 1, we have
rank(E,) = min(L;,N) (3.65)

w.p. 1. O

Lemma 2. For the matrix D defined in (3.58), we have rank(D) = min(N X rank(A), L)

with probability 1, where L is the number of non-zero columns of the code words
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difference matrix A.

Proof. Following similar steps to prove that G is of full rank w.p. 1, we can show
that

P(rank(G,) =L) =1, (3.66)
i.e., Gy, is also of full rank w.p. 1. Since
D, = AG, (3.67)
we have
P(rank(AG,) = rank(A)) =1, (3.68)

i.e. the rank of D, is the same as the rank of A w.p. 1.

Now let us consider the following two cases:
Case 1: N x rank(A) <L
By Eqn. (3.68), clearly the columns of each of D,’s span a subspace of dimension
rank(A) in CL w.p. 1. Now consider a set of scalars a; ;’s, where i € {1,--- N},
and je{1,---,T}. Ifforie {2,--- ,N} and j € {1,---,T}, a; ;’s are not all zero,
it is not hard to verify that

T N T
P (Z a;iDj=Y a,-,jD,-J-) =0. (3.69)
j=1 i=2 j=1
This implies that the rows of all D,,’s span a subspace of dimension N x rank(A) in
CE w.p. 1, i.e. the rank of the block matrix D is N x rank(A) w.p. 1 in this case.
Case 2: N x rank(A) > L

Following the similar procedure as in Case 1, it is easy to see that the dimension of
the subspace spanned by the rows of all D,,’s is L. i.e. the rank of the block matrix
D is L w.p. 1 in this case.

With the results from Case 1 and Case 2, we have Lemma 2 hold. O

Now we introduce the following theorem on the new measure for the unitary

query and the uniform query.
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Theorem 1. In asymptotic high SNR regimes, the PEP performances of space-time
codes with the unitary query and the uniform query in the M X N X L backscatter
RFID channel given in (2.5) can be measured by

T
Runitary = y_ min(N, L), (3.70)
t=1
and
Runiform = min(N x rank(A),L), (3.71)

respectively, where L is the number of non-zero columns of the code words differ-
ence matrix A, and L} is the number of non-zero elements of the t-th column of the

code words difference matrix A. In other words if

Runitary > Runiform7 (372)
we have
PEP; (}
lim i() —0; (3.73)
y— PEPz, ()
if
Rum’mry < Runiform> (374)
we have
PEPz, (¥
lim A) —0; (3.75)
7—e PEP7, (7)
and if

Runitary = RunifOrl’l’L7 (3.76)
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we have

PEP,(7
jim CEPAD) (3.77)
7o PEP7, (7)

where c is some positive constant.

Proof of Theorem 1. We consider singular value decompositions of E;’s and D, i.e.
E, =UA/V,, (3.78)
and
D=U'A"V". (3.79)

Note that, for the unitary query, for a realization of G the distance between code-

words can be given as

Zx|G = Y || (o s B[

[~ 111

| (1, ,x,,L)U,A,VtH%

N
Il
—_

T
~ Z [{ERTREE ,x,,L)AtH%
=1
T rank(E;)
= Z )Lt,i”xt,in, (3.80)
=1 i=1
where A ;’s (i =1, ,rank(E,)) are the non-zero eigenvalues of E,. Given a real-

ization of G, the conditional PEP on G is given by

ra

T rank(E;)
PEP, () =Ezic | Q| \|7Y. Y Auillxl?
=1 i=1

(3.81)



Therefore the PEP for the unitary query can be obtained as
PEPz, (7) = Eg (PEPZ, (7))

T rank(E,) 1
Fo (H [l 1+z,,i7>

t=1 i=1

ITTmin(N,L,*) 1
Eg - . (3.82)
1o T AT

The last step of the above derivation is obtained by using the result from Lemma 1

and the fact that 0 < ﬁ, < oo

Similarly, for the uniform query, for a realization of G, the distance between

codewords can be given by
Zy|G = ||(y1,--- ,y)D|7
= [|(y1,-- ) U AV
AP VAN 2

= Y Aol (383)

1

where A;’s are the eigenvalues of D. For a realization of G, the conditional PEP is

given by

rank(D)
PEPz,6(7) =Bz | Q| |7 L A/lxl?

rank(D) 1
_ _ (3.84)
g 1+ A%y
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Therefore the PEP for the uniform query is given by

rank(D) 1
PEPZyIG(?_’) =Eg ( H W)

i=1

min(N xrank(A),L) 1
=E —— . 3.85
G ,IJ [T A7 (3.85)

The last step of the above derivation is obtained by using the result from Lemma 2

and the fact that 0 < ﬁ, < oo

The expectations in (3.82) and (3.85) are quite difficulty to obtain for general
A, as the distributions of A, ;’s and A;*’s are not traceable. We assume that

T min(N,L})
Eg (H H ) (3.86)

Ryniform 1
E| [] == | < (3.87)

Using the assumption in (3.86) and by applying Dominated Convergence The-
orem (DCT) we have

T min(N, L
lim (7" x PEPy, (7)) = Eg (H H ) (3.88)

and similarly, using the assumption in (3.87) by applying DCT we have

Ryniform
lim (i x PEP, (7)) = Eg ( ﬁ 1) : (3.89)

e A

i=1 (]

Case 1 :Runitary > Runiform
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In this case,

niform min(N,L) 1
PEP, (7) .. 7 Eg (Hz I M)

1 PEP, (7) lim - :
Ve ZY( ) Yoo f}/RumtdryEG <H unllform F)
— 0.
Case 2:Runitary < Runiform
In this case,
Runiform _1
PEP - }/Rummry EG <H 25 )
lim A — lim ;

Y—r o0 % Y—roo 5 . 1\/7L;K
Y— PEPZX( ) Y— r}/RumrormEG (HzT:] H?;lrll ) %J)

— 0.
Case 3: Rynitary = Runiform
In this case, we have
A/ uniform T mm(N,L,*) 1
oo PEP2(7) yrmtomEg (H,:1 1= 7)
Yoo PEPZY ( _) Yoo }/Rumtdry EG <HRUriltorm %)

(N,LY)
IEG (Ht 1 H?mrll ,T)
EG (H uniform A1, )

3.2.2 Examples and Simulations

(3.90)

(3.91)

(3.92)

In this section, we give a few examples and provide corresponding simulation re-
sults for Theorem 1. Consider an M x L x N backscatter RFID channel, and the

following code words difference matrix:
B 1 -2
S\ 15 25 )
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Suppose M =2, L =2 and N = 2. Based on Theorem 1, the PEP performance for
the unitary query can be measured by

Runitary = min(2,2) +min(2,2) = 4, (3.94)
and the PEP performance for the uniform query can be measured by
Runiform =min(2 x 2,2) =2. (3.95)

Therefore the PEP performance of the unitary query is expected to be much better
than that of the uniform query. Simulations confirm this as we can see in Fig.
3.11: there is a large PEP performance gain by employing the unitary query for the
2 x 2 x 2 backscatter RFID channel.

In addition, we consider the 2 x 2 x 1 backscatter RFID channel, based on

Theorem 1 we have
Runitary = min(1,2) +min(1,2) =2, (3.96)
and
Runiform =min(1 x2,2) =2. (3.97)

In this case, the performance of the unitary is expected to be similar to that of the

uniform query, as we can see from the simulation results shown in Fig. 3.12.

3.3 Conclusion

In this chapter, we considered more complicated reader query and tag signaling
methods for the backscatter RFID channel. First, we investigated the case when
the tag employs orthogonal space-time codes, while the reader still employs the
uniform query. For this case, we provided a general formulation for performance
analysis which is applicable to any sub-channels fading assumptions and studied
the SER performances for Rician and Nakagami-m sub-channels. It was shown
that the diversity order achieves L for Rician fading and achieves Lmin(m s, Nmy)

for Nakagami-m fading. Two receiving antennas (N = 2) can capture most of the
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Figure 3.11: PEP performance comparisons between the unitary query and
the uniform query for the 2 x 2 x 2 backscatter RFID channel. The
unitary query can bring a large gain for the 2 x 2 x 2 channel.

receiving side gain regardless the number of tag antennas. More interestingly, we
showed that the PEP performance in this case is more sensitive to the channel
condition (the K factor or the m parameter) of the forward link than that of the
backscattering link. Second, we proposed a novel reader query scheme called uni-
tary query at the reader query end, and showed that in quasi-static channels, the
unitary query can provide time diversity via multiple reader query antennas and
thus can improve the performance significantly. Due to the difficulty of calculating
the PEP and the diversity order directly for the unitary query, we suggested a new
performance measure based on the rank of some random matrices. To our best

knowledge, this was the first time that the unitary query was proposed in RFID.

64



—H8— Uniform Querry
—©— Unitary Query

PEP

SNR

Figure 3.12: PEP performance comparisons between the unitary query and
the uniform query for the 2 x 2 x 1 backscatter RFID channel. The
unitary query can only bring a small gain for the 2 X 2 x 1 channel.
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Chapter 4

Analysis of General Space-time
Codes in MISO Multi-keyhole
Channels

In the previous two chapters, we investigated the performance and design of space-
time codes and reader query mechanism for the MIMO backscatter RFID channels.
Recall that the backscatter RFID channel has a special query-fading-signaling-
fading structure, which is a cascaded form. The multi-keyhole channel is another
type of cascaded channel, which also has two layers of fading, but with a signaling-
fading-fading structure. The multi-keyhole fading happens in propagation environ-
ments where each end has its own set of multipath components and is separated
from the other end by a screen with a number of keyholes of small size (smaller
than half a wavelength), as shown in Fig. 4.1 .

From the structures of these two types of cascaded channels, we can see that
they are indeed different. But these two channels look similar at the first impres-
sion, and researchers sometimes may get confused about the two types of channels.
Therefore one purpose of this chapter is to give a brief introduction of the multi-
keyhole channel model and analytically study the performance for general space-
time codes in the MISO case, which is not done yet in the literature. The other
purpose is that we want to make comparisons between the backscatter RFID chan-
nel and the multi-keyhole channel. We will show that the backscatter RFID chan-
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nel has completely different performance behavior from that of the multi-keyhole

channel.

4.1 Multi-keyhole Channels

In conventional non-backscatter wireless channels, if the scattering environment is
not-so-rich, it is demonstrated in [56] [57] that MIMO fading channels can experi-
ence keyhole conditions, where despite rich local scattering and independent trans-
mitting and receiving signals, the system only has a cascaded channel structure.
The early research for keyhole channels mainly concentrated on single-keyhole
channels [52,58-63]. In particular, in [58], a closed-form expression of the ergodic
capacity for an uncorrelated single-keyhole channel was obtained. Later, [59] [60]
examined the capacity of single-keyhole channels in the presence of spatial cor-
relation. The space-time coding research for this channel included the analysis of
orthogonal space-time codes in [61], [52], and the analysis and design of general
space-time codes in [62] [63] investigated the symbol error rate of spatially corre-
lated single-keyhole channels with orthogonal space-time block coding and linear
precoding.

Later, researchers found that the single-keyhole channel is not often encoun-
tered in practice. Actually it was shown in [64] that the single-keyhole effect is
difficult to observe. To include these scenarios and expand the keyhole channel
model, a multi-keyhole channel model, which consists of a number of statistically
independent keyholes, was introduced in [65] [66]. Fig. 4.1 shows a multi-keyhole
channel. In this channel, each end has its own set of multi-path components and
is separated from the other end by a screen with a number of keyholes of size
smaller than half a wavelength. Some efforts have been taken to investigate the
multi-keyhole channel recently. [65] showed that the asymptotic outage capacity
of the multi-keyhole channel can be described by summing the capacities of indi-
vidual keyholes. In [67], the approximated PDF of the eigenvalues of the channel
correlation matrix was provided. In [68], a closed form of asymptotic diversity-
multiplexing tradeoff was derived. More recently, [69] studied the outage capacity,
[70, 71] investigated the ergodic mutual information for this channel, and [72-

74] studied beamforming schemes the multi-keyhole MIMO systems with channel
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state information (CSI) at the transmitter. The analysis of space-time codes (STC)
in multi-keyhole channels, however, is quite limited and only available for OST-
BCs [40]. In [40], analytical expressions of the SER of the OSTBC were derived
and using OSTBC as a pivot, it was shown that the achievable diversity order is
nrnsng/max(nr,ng,ng), where nr, ng and ng mean the number of transmission
antennas, the number of effective scatters and the number of receiving antennas,
respectively. Although the results in [40] are of great importance, it is only the re-
sult for orthogonal code, and many STC schemes that have excellent performances
are often not orthogonal ones [75-78]. This motivates us to investigate general
space-time codes under the multi-keyhole conditions. In this chapter, we focus
on communication systems that have multiple transmission antennas and one re-
ceiving antenna, i.e. multiple-input-single-output (MISO) systems, and provide a
performance analysis of general space-time codes for multi-keyhole channels. We
consider both the cases when the transmission antennas are spatially independent

and are spatially correlated. The major results of this Chapter are as follows:

1. We prove that for any pair of code words in a space-time code, the code
words distance in the MISO multi-keyhole channel (with M transmission
antennas and L keyholes) and that in the MIMO single-keyhole channel
(with M transmission antennas and L receiving antennas) are identically dis-
tributed. Therefore the two types of channels share the same form of PEP,
and one can employ the design criteria in MIMO single-keyhole to design
the codes for MISO multiple-keyhole. We further show that the PDF of the
code words distance asymptotically converges to that of the Rayleigh chan-

nel when M approaches infinity.

2. In the high SNR regime, when M < L, the transmission correlations always
degrade the PEP performance; when M > L (the number of transmission
antennas greater than the number of keyholes), depending on how the corre-
lation matrix beamforms the code words difference matrix, the correlations

can either degrade or improve the PEP performance. Particularly we prove
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Figure 4.1: The MISO multi-keyhole channel model: each end has its own
set of multipath components and is separated from the other end by
a screen with a number of keyholes of small size (smaller than half a
wavelength).

that if there is an integer K, 1 < K <M — L — 1, such that

A\ rm-prwm—k)
/IL< )y ~ ) < 4.1)

-k M I'(MT(M—K—L)’

we can always find certain correlation matrices that can improve the PEP

performance. We also provide one form of such matrices.

4.2 Independent and Identical Transmission Antennas

In this section, we investigate the PEP performance of general space-time codes
when the transmission antennas are spatially independent. Consider a frequency
non-selective quasi-static fading channel with M transmitting antennas and one
receiving antenna that is shown in Fig. 4.1. In this MISO multi-keyhole channel,

the signal model is given by

Y
MXxL

R=

HS+W, 4.2)

where the 1 x 7" matrix R represents the received signal, S is the M x T transmitted
code words difference matrix, ¥ is the average SNR, and W is the zero-mean ad-
ditive circularly symmetric complex Gaussian noise matrix with size 1 x 7', whose

elements have unit variance per dimension. We use h,,,’s(m=1,...M,n=1,...,L)
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to represent the normalized channel gains from the M transmitting antennas to the
L keyholes, use g,’s (n = 1,..., L) to represent the normalized channels from the L
keyholes to the single receiving antenna, and let h, = (hip,hop,- - ,thn)T. We

further assume that

e The entries of h,,’s are independent complex Gaussian distributed with zero

mean and unit variance.
, . . . .
e g,’s are also Gaussian with zero mean and unit variance.

e The keyholes are statistical independent, i.e. the random vectors h,,’s are

independent and the random variables g, are independent.

Consequently, the channel matrix, which is actually a vector in the MISO channel,

is given by

L
n=1

To decode the received code word R at the receiver side, the maximum likelihood
(ML) decoder is employed. We assume that the CSI is perfectly known at the
receiver and unknown at the transmitter.

PEP, the probability of transmitting code word ¢ = (cy,...,er)” over T time
slots and deciding in favor of another code word e = (ey,...,er)” at the decoder,
generally serves as a design criterion for space-time codes. When signals transmit
over a fading channel with channel matrix H, the code words distance between ¢
and e is defined by the random variable ||AH||r, where A = ¢ — e is the code words
difference, and || - || is the Frobenius norm. The PEP of a Gaussian noise channel

can be evaluated by averaging the density of ||AH||r over the Q function as

P(c— ¢[H) :Q(,/MZLHAHH%>. (4.4)

Using an alternative representation of the Q function, we have

s 7 |[AH]|E
P(c—eH) = — - . 4.
(c — e/H) /Goexp< M L2sis? de 4.5)
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For the Gaussian noise channel, to find the PEP we need to investigate the distri-
bution of the code distance ||AH||¢.

4.2.1 Distribution of the Code Words Distance

For the MISO multi-keyhole channel, the squared code words distance is given by
2 - 2
IAH[7 = [|A Y hugallF
n=1

L L
= trace <A Z h,, g, Z gnthZAH>

ni=1 ny=1

L L
= trace <AHA Y hugn Y g{;ghg> : (4.6)

n1:1 n2:]

Since A A is a Hermitian matrix, it has an Eigendecomposition as AYA = U7 VU,

and the squared code distance can be written as

L L
|AH||% = trace <UHVU Y hygn Y gfjghnHz>

n]:1 n2:1
L L
=trace [V Y Uh, g, Y glhllU" . 4.7)
ni=1 n=1
Note that
L L
Z Uhn]gnl - Z an1g’l17 (48)
n1:1 I’l]:l

where a,, = Uh,, is the unitary transformed vector of h,, by the transformation
U. Given that h,,, is an i.i.d complex Gaussian random vector with zero mean and

unit variance, @, is also a complex Gaussian random vector with zero mean, unit
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variance 1.1.d elements, and we have

L L
|AH||% = trace (V Z Oln, &n, Z 8nHzO‘nHQ>

n=1 nm=1

L L
= trace ( Z ngCZV Z anzgn2>

n =1 np=1

L
= ||V1/2 Z O{ngnH%

n=1

R(A) L )
=Y Al Y anigall’, (4.9)
i=1 n=1

where A1,..., Ag(a) are the non-zero eigenvalues of A”A, R(A) is the rank of AfIA,
and o, ; is the i-th element of «,,. To investigate the distribution of Z; 1 ), I Zn | On.i8n 12,

we derive the following Lemma:

R(A)
Lemma 3. Let X = Y20 il Ty 0ignl? and ¥ = X2 AL (12418

Ai’s are some constants, and &, ;’s, Bi’s, and g,’s are all l.l.d complex Gaussian

2 where

r.v.s with zero mean and unit variance, then the random variables X and Y are

identically distributed as well.

Proof. For presentation simplicity, we define

L L
'éz Enlni, Yi = Z|gn 128, (4.10)

hence
R(4) R(
X=Y xlx|? v=Y av|* (4.11)
i=1 i=1
It is clear that the conditional random variable X;|gi,...,g. is complex Gaussian,
with mean
L
E(Xilg1,...,81) = Z (04,i) =0, (4.12)
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and variance

E(|1X[|g1,--,8) — || (E(Xilg1,.-.80)) |17

gnHZE HaﬂlH ) Z gnng]E(anl lanzl)

ni#ny

gnll*- (4.13)

L
i
Further, it is easy to see that the the conditional random variable Y;|gi,...,g. is

complex Gaussian, with zero mean as well. Therefore X;|g1,...,g. and Yi|g1, ..., gL

identically distributed. This implies that the conditional random variables

R(A)
X[g1,ngr =Y, AillXilg1, ...l (4.14)
i=1
and
R(A)
Ylgt, g =Y. Aill¥ilg1, ... gell, (4.15)

i=1

are also identically distributed. Consequently, the marginal distribution of X is
same as that of Y. O

Lemma 3 states that the squared code distance of the MISO multi-keyhole
channel has the same distribution as that of the random variable Y. It provides
a useful theory for studying the PEP of the MISO multi-keyhole channel, as Y is
in a simpler form than X. More fortunately, since the random variable Y is also the
squared code distance in the MIMO single-keyhole fading [62], we directly can

have the following result:

Theorem 2. For any pair of code words in a space-time code, the code words
distance ||AH||r as a random variable, is identically distributed in the MISO multi-
keyhole channel (with M transmitting antennas and L keyholes) and the MIMO

single-keyhole channel(with M transmitting antennas and L receiving antennas).

Therefore, for any space-time code, the MISO multi-keyhole and MIMO single-
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keyhole channels have the same PEP. With Theorem 2 and the PEP result from [62],
in the high SNR regime, for distinct A;’s, the PEP of general STC for the MISO

multi-keyhole channel is given by

-1
a (MY A) 75, if L > R(a);

—1
(Y /L-) (Iny)y KA if L=R(A);
c Y A7l L <R(A).

For identical A4;’s, i.e. A; = A, the PEP is given by

CiA RO F=RA) = if [ > R(A);

PFc—e)= CiA KA (In)yRA) | if L=R(A);
CoA R&) y-L,
where
o _ [(3+R(A)  LRAOT(L-R(A))
L= /AT L R(A)) rw
_ [(3+L) _ L'T(R(A)-L)
*To/ar(+D) . TR@E)
and
TG +1D) -1 1
avararn VT T

(4.16)

4.17)

(4.18)

(4.19)

Since the MISO multi-keyhole channel and MIMO single-keyhole channel share

the same form of error probabilities except a normalization factor, we can follow

the design criterion of the MIMO single-keyhole channel that has been studied in
[62] to design the codes for the MISO multi-keyhole channel. For the case that

L > M, the determinant criterion also applies to the MISO multi-keyhole channel,

and STCs that have good performances for the Rayleigh fading channel will also

have good performances for the MISO multi-keyhole channel. For the case that
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L < M, the code design criterion should be based on minimizing the expression

R(A) InA: A
(=)t ’ L (4.20)
i:ZI Af g, Ai—A;

We consider a simulation example for Theorem 2. Fig. 4.2 shows the simu-
lation results of the PDFs of the code word distance |AH||r for the MISO multi-
keyhole channel and the MIMO single-keyhole channel. The simulation uses an

code words pair for which

2.16 0.23 -0.23i 0.84
APA= [ 0.23+40.23i 1.68 —-0.23-0.23i |, (4.21)
0.84 —0.234-0.23i 2.16

which has eigenvalues of A; = 1, A, =2 and A3 = 3. We assume that there are L =2
keyholes in the channel. The PDFs are compared in Fig. 4.2, and we can observe
that the distributions are identical. The simulations results on PEP are shown in
Fig. 4.3 for this code words pair. We can see that the analytical result in equations
(4.16) matches the simulated result very well for high SNR.

Remark: It is worth mentioning here that Theorem 2 holds for any distribution
of g,’s as long as the entries of h,,’s are i.i.d complex Gaussian with zero mean. In
some propagation cases, however, the distribution of the code words distance may
not be identical in the MISO multi-keyhole channel and the MIMO single-keyhole
channel in general. For example, if the entries of h,,’s are Nakagami-m, Lemma 3

will not hold. In this chapter, we assume Rayleigh fading for the sub-channels.

4.2.2 Convergence to the Rayleigh Channel

It has been verified from different aspects that the multi-keyhole channel which
generalizes the Rayleigh channel and the single-keyhole channel becomes Rayleigh
when the number of keyholes grows to infinity [69, 71]. Particularly, in [71] it is
shown that for sufficiently large number of keyholes, the capacity of multi-keyhole
MIMO channels approaches that of MIMO Rayleigh fading channels. In this sec-
tion, instead, we exam the convergence of the multi-keyhole channel from the

space-time code point of view, i.e. the distribution of code words distance and
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Figure 4.2: Simulated PDFs of the code word distances for the MISO multi-
keyhole channel and the MIMO single-keyhole channel. We can see
that the two PDFs are identically distributed. In the simulation, 5 x 10°
samples are used. Here M = 3 and L = 2 and the eigenvalues of A7 A in
@21)are Ay =1, =2 and A3 = 3.

the PEP performance.
As L — oo, the PEP expression in MISO multi-keyhole channel will take the
first case of (4.16), where

(4.22)
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Figure 4.3: Asymptotic and simulated PEPs in the MISO multi-keyhole
channel for the code words pair for which A”A is defined in (4.21).
Here M = 3, L = 2, and the eigenvalues are A; =1, A, =2 and A3 = 3.

and

TR (9
i=1

We note that (4.23) is also the asymptotic PEP for the MISO Rayleigh channel, so
the MISO multi-keyhole channel converges to the MIMO Rayleigh channel in the
sense of PEP. This convergence can also be seen by investigating the distribution
of the code words distance: when L grows to infinity, the normalized squared code

words distance is given by

N (- n ¥
i JAIE iy Tzt ol zxuﬁ,uz MBI @2

L= L L—so0

—_

=
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Figure 4.4: The PEP of the MISO multi-keyhole channel converges to the
PEP of the MISO Rayleigh channel when the number of keyholes grows
from 1 to 28.

which has the same distribution as that of the squared code distance of the MISO
Rayleigh channel [33]. The convergence in the sense of PEP is illustrated in Fig.
4.4, where M = 3 and the number of keyholes increases from L = 1 to L = 28.

4.3 Spatial Correlated Transmission Antennas

In the last section, we investigated the PEP performance of general space-time
codes when the transmission antennas are spatially independent in the MISO multi-
keyhole channel. In reality, however, individual antennas could be correlated due
to insufficient antenna spacing and lack of scattering [79-82]. For Rayleigh fading
channels, it has been shown that in the asymptotically high SNR regime, the trans-
mission correlations always degrade the PEP performance, while in the asymptoti-

cally low SNR regime, the transmission correlations may either improve or degrade
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the PEP performance[82].

For the multi-keyhole channel, the effect of transmission correlations in the
multi-keyhole channel has been investigated in [40, 69, 71, 72]. In particular, the
effect of correlations on the space-time codes has been investigated in [40]. Using
majorization relations of the correlation matrices, [40] showed that for orthogonal
space-time codes, the correlations will always degrade the PEP performance. The
results in [40], however, is only valid for orthogonal codes. In this section, we
study the PEP performance of general space-time codes when the transmission
antennas are not independent. We will show that, very different from orthogonal
codes, when the number of transmission antennas is greater than the number of
keyholes, the PEP performance of general space-time codes can be improved by
the transmission correlations in multi-keyhole conditions, even in the high SNR
regime. This depends on how the correlation matrix beamforms A.

Consider the following multi-keyhole channel model,

L
H=A:)Y hg,. (4.25)

n=1

Clearly A; ; is the correlation between the overall propagation path from TX; to RX
and that from TX; to RX, and A severs as the correlation matrix for transmission

antennas because

E(HH") = (Az Z h,g, Z gAY )

~A}(E ( (IIgnII2 Yh hH) +E (Zglth hH)) A%
n=1 i#j

—A. (4.26)

Then the squared code distance becomes
L ) R(AA) L )
|AA2 ZhngnHF = Z pill Zgnami“ ) (4.27)
n=1

n=1 i=1

where p;’s are the eigenvalues of the matrix AZAHAA?, Using the result from
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Lemma 3, we have

L R(AA) L
1AM Y gl ~ Y pi Y [lsnl* 1B (4.28)
n=1 =1 n=1

Consequently the asymptotic PEP when the transmission antennas are correlated
can be obtained by replacing A;’s by p;’s in Equations (4.16) and (4.17).

Although the asymptotic PEP for correlated transmission antennas has been
obtained, our main question in this section, how a correlation matrix affects the
PEP performance, is still not clearly answered. To investigate the effect of trans-
mission correlations on the PEP performance, we first present the following facts

and inferences about the correlation matrix A and the code difference matrix A:

1. trace(A) = M, or equivalently,

™=
=
1
IS

(4.29)

where Vv;’s are the eigenvalues of A. This is because the total transmission

power is fixed.

(ﬁ‘/l) (ﬁki> - ﬁpi' (4.30)

This is from the fact that det(A 2 APAA2) = det(A) x det (AP A)

In this chapter, we assume that the code construction achieves full rank, i.e. R(A) =
M. We now start to analysis the effect of correlations on the PEP performance. We
consider the cases that M < L and M > L separately.

43.1 Casel: M <L

‘We first consider the case that the number of transmission antennas is the same as

or less than the number of keyholes: M < L.
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Theorem 3. In the MISO multi-keyhole channel, when L > M, the spatial correla-
tions between transmission antennas always degraded the PEP performance in the
high SNR regime.

Proof. If A is rank deficient, because we assume that A7 A is full rank, we have
R(ATAPAAY) < R(AFA), 4.31)

from the PEP given in Equation (4.16), we can see that this will result in a reduction
of the diversity order, hence the PEP performance is degraded. If A is of full rank,
it means [T*, v; # 0. By the AM-GM inequality,

M M M
st(;}j =1, (4.32)
i=1

therefore

M

M
[T <] (4.33)

i=1 i=1
Note that the equality only holds when A is an identity matrix. Therefore the PEP

is always degraded by transmission correlations for the case that M < L. O

It is worth to mention here that when the number of keyholes is greater than or
equal to the number of transmission antennas, the correlation effect on the MISO
multi-keyhole channel is similar to that on the MISO Rayleigh channel, since for
MISO Rayleigh channel, the correlations always degrade the PEP performance in
the asymptotic high SNR regime as well [82]. One intuitive explanation is that
when the number of the keyholes is much larger than the number of transmission
antennas, the MISO multi-keyhole channel behaves more like a Rayleigh channel.
However, when M > L, the channel behaves more sophisticated and we will show
in the next section that the correlations sometimes can improve the PEP perfor-

mance.
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432 Case2: M >L

To show how the transmission correlation matrix affects the PEP performance
when the number of transmission antennas is larger than the number of keyholes,

we first give the following Lemma:

_ M .
Lemmad. Let A; be real fori € {1,2,... M}y and . = E1% Ler X, i€ {1,2,....M}
be a set of i.i.d random variables, Y be another random variable which is indepen-

dent with X;’s, then we have

E(f (Yiixi>> §E<f (Yixixi», (4.34)

where f(-) is a convex function. The equality sign holds when A; = A forall i €
{1,2,....,M}.

Proof. To prove (4.34), we first prove that (4.34) holds for any fixed value of Y,

E (f <yiiiXi>> <E (f <yi‘ix,-x,~>> : (4.35)

where y is any possible value that the random variable Y can take. It is easy to see
that (4.35) implies (4.34).

For presentation simplicity, let

i.e.

M -
X=y) AX;, (4.36)
i=1
M
W=y) AX, (4.37)
i=1
and
Z=X-W. (4.38)

Based on the form of X, it is easy to see that the conditional random variables X;| X,
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i € {1,...,M}, are identically distributed, which implies
E(X|X) = E(Xa|X) = - - = E(Xy|X). (4.39)

Therefore

M=

Il
-
Il
_

E(ZIX) = ) AE(X(X) - ¥ AE(X;|X)

—_
—_

M M
=E(X;|X) (ZZ - ZA,-) =0. (4.40)

Since f(-) is convex, by Jensen’s inequality we have

E(f(X -Z)|X) > f(E((X - 2)|X))
= f(X=0) = f(X) (4.41)
Therefore
E(f(W)) = E(E(f(X =2)X)) =2 E(f(X)), (4.42)
and consequently (4.34) holds. 0

Now we present the main result for the effect of correlations on the PEP per-

formance when M > L:

Theorem 4. In MISO multi-keyhole channel, for any pair of code words, if we can
find some integer K between 1 and M —L—1, i.e. 1 <K <M — L— 1 such that

(4.43)

o u N\ rM-DT(M=—K)
AL< ) 12/1) <

i=K+1

then there always exist correlation matrices that can improve the PEP perfor-
mance in the asymptotic high SNR regimes. Here 0 < A1 < Ay < --- < Ay are

the eigenvalues of A" A in ascending order, and M. is their average.

Proof. Referring back to Equation (4.5) and the squared code words distance for

independent transmission antennas ||[AH||%2 ~ Y7 4, YE | |lg.]%||B]/%, using the
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result from Lemma 4, we have the PEP for independent transmission antennas

been bounded as follows in the high SNR regimes:

Aleme) > r($+L) LET(M —L

)7 L
NG L(E)) ) ALy L, (4.44)

Suppose the Eigendecompostion of A7 A is UVU”, we consider the following class

. . . 1 . .
of correlation matrices for which A2 has singular value decomposition as

—US:DH, (4.45)

=

A

where D is a unitary matrix and the diagonal matrix S with S;; = v; satisfies the

power constraint: Y2, v; = M. It follows that
1 2 1 H & 2
[AA> Z h,g,||r = |AUS2D Z h,gu |7
n=1 n=1

= [IV28:D7 Y hglf3. (4.46)

L
n=1

From the derivation for the independent case in Equation (4.8), it is easy to see that
D ﬁ: 1hygn and Zﬁ:l h, g, are identically distributed. Therefore

L 5 RA) L 5 )
1AA> Y hugallz ~ Y pi Y llgall? I8l (4.47)
= i=l =1

n=1

where
pi = Viki (4.48)
for all p;’s. Now we can have a correlation matrix A such that
Vi=v=---=vg =0, (4.49)
and

Vkit, Vi > 0. (4.50)
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If we pose another constraint on v; such that the non-zero eigenvalues of AT AFAAZ

are identical:

PK+1 = PKk+2="""= Pu, 4.51)
we have
M 1 -1
Prii=Pxi2=-=pu=M| } | . (4.52)
i=K+1 71

At the high SNR regime, the PEP respective to A% AHAA? becomes

L
_ TG+L) 'frM—-Kk-L) (& 1\ _,
PA(c—>e)—2\/ﬁr(1+L) CM K M i:;lz y k. (453)

Therefore P(c — €) < P(c — e) if (4.43) holds, i.e. the correlation matrix A
defined in (4.45) improves the PEP performance. O

4.3.3 Examples and Simulations

In this section, we provide an example and perform Monte Carlo simulations for
Theorem 3 and Theorem 4.

Example We consider a certain pair of code words for which

2 —0.95+0.029; —0.95—0.029i
APA=| —0.95-0.029i 2 —0.95+0.029; |, (4.54)
—0.95+0.029i —0.95—0.029i 2

the eigenvalues are A} = 0.1, A, = 2.9 and A3 = 3. Suppose L = 1, and we select
K =1, it appears that

M ,-1\EL
ZL< y ’l]'h ) :2<1/293+1/3> — 045, (4.55)

i=K+1
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and

I(M-LIM-K) TG3-1)IG3-1)
rMI(M—-K—-L) TG3IrG3-1-1) 0.5. (4.56)

By Theorem 4, there exist some correlation matrices that can improve the PEP

performance. One of such matrices can be given by

A=viuu+ vzuzugl + V3U3u§1, 4.57)
where
v =0, (4.58)
M (X %)
V) = N =1.525, (4.59)
2
M 1) !
M (Zi:KJrl 7,.)
vy = 1 =1.475, (4.60)
3

and uy, up, uj are the eigenvectors of A" A. The correlation matrix that can improve
the PEP is

1 —0.5-0.0144; —-0.5+0.0144i
A= —0.5+0.0144; 1 —0.5-0.0144; |. (4.61)
—0.5—-0.0144i —0.5+0.0144 1

In this example, we can see that the transmission correlations defined by A; can
bring about 1.5 dB gains for the PEP performance, which is illustrated by the
square line in Fig. 4.5. We consider another correlation matrix A, that has the
same eigenvectors as that of (4.61) but different eigenvalues: v = 1.8, v, = 0.7
and vz = 0.5. For this correlation matrix A,, we can see that the transmission cor-
relations degrade the PEP performance, as illustrated by the PEP curve (marked by

circle) in Fig. 4.5. Further, with the same code words, but with different number of
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Figure 4.5: The effect of transmission correlations on the MISO multi-
keyhole channel for the case that L < M. This figure demonstrates the
example for Theorem 4: in the asymptotically high SNR regime, for
the case that L < M, the correlation matrix can either improve the PEP
or degraded the PEP, depending on how the correlation matrix beam-
forms the code words difference matrix. In this example, correlation
matrix A improves the PEP performance, while the correlation matrix
A, degrades the PEP performance.

keyholes (L = 4), however, as shown in Fig. 4.6, we see that the PEP performance
is degraded by both A and A; .

It is worth mentioning here that when the space-time code is orthogonal (i.e.
all the eigenvalues of AA are identical), Theorem 4 will never be satisfied since
Lemma 4 implies that the transmission correlations always degrade the PEP per-
formance for orthogonal codes, this is consistent with the result in [40], where
majorization was used to show this property for orthogonal code in the MIMO

multi-keyhole channel. The effects of transmission correlations on the PEP perfor-
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Figure 4.6: The effect of transmission correlations on the MISO multi-
keyhole channel for the case that L > M. This figure demonstrates the
example for Theorem 3: in the asymptotically high SNR regime, for
the case that L > M, transmission correlations always degrade the PEP
performance. In this example, when L = 4, both A; and A, degrade the
PEP performance.

mance for the multi-keyhole and Rayleigh channels are compared in Table 4.1. We
can see that transmission correlations play different roles on the PEP performances
of the multi-keyhole channel and the Rayleigh channel.

In addition, we compare the OSTBC performance of the backscatter RFID
channel with that of the multi-keyhole channel in Table 4.2. Clearly these two

channels have entirely different performance behaviors.
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Table 4.1: The effects of transmission correlations on the PEP performances
of the multi-keyhole and Rayleigh channels in the asymptotically high

SNR regimes.
Type of STC Rayleigh Multi-keyhole
Orthogonal Always degrades [82] | Always degrades [40]

Non-orthogonal | Always degrades [82] | M < L, always degrades (Our re-
sult, Theorem 3 in this chapter);
M > L, may either degrade or
improve (Our result, Theorem 4
in this chapter)

Table 4.2: Performance comparisons between the backscatter RFID and
multi-keyhole channels for orthogonal space-time codes in the MISO

case.
Backscatter RIFD | Backscatter RIFD | Multi-keyhole
with uniform query | with unitary query
Diversity Order or | L (diversity order) | ¥, min(1,L;}) min(M,L) (diver-
the new measure in (new measure) sity order)
Theorem 1

4.4 Conclusion

In this chapter, we analytically studied the performance of STCs in multi-keyhole
channels, and revealed a few interesting properties of this channel. We proved
that, for any STC, the code words distances in the MISO multi-keyhole channel
(M transmitting antennas, L keyholes, and one receiving antenna) and the MIMO
single-keyhole channel (one keyhole, M transmitting antenna and L receiving an-
tennas) have identical distributions. We also considered the case when spatial
correlations are present between transmission antennas. We showed that, in the
asymptotically high SNR regimes, when M < L, the transmission correlations al-
ways degrade the PEP performance; when M > L, depending on how the correla-
tion matrix beamforms the code words difference matrix A, the PEP performance
can either be degraded or improved. Particularly, we proved that if the eigenval-
ues of A satisfy certain conditions, there always exist correlation matrices that can

improve the PEP. We provided one form of such correlation matrices. Our re-
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sults in this chapter also showed that the backscatter RFID channel, which has a
query-fading-signaling-fading structure, and the multi-keyhole channel, which has
a signaling-fading-fading structure, have completely different performance behav-

iors.
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Chapter 5

Summary and Future Work

In this chapter, we summarize the main results obtained in this dissertation and

suggest a number of future topics based on the research in this dissertation.

5.1 Summary of Results

In this dissertation, we have addressed a few main challenges that researchers en-
countered in the performance analysis and design of backscatter RFID channels.
These challenges come from the unique query-fading-signaling-fading structure of
the backscatter RFID channels. When compared with the signaling-fading struc-
ture of conventional point-to-point channel models, the performance analysis and
design of MIMO backscatter RFID channels face more challenges.

In Chapter 2, we first provided a mathematical modeling of this specific MIMO
structure which considered all aspects of the backscatter RFID channels at the
physical layer: the query signals, the forward channels, the tag signaling, and the
backscattering channels. This modeling shows that the backscatter RFID channel
has radically different fading structure and signaling mechanism when compared
with a conventional one-way point-to-point wireless channel. We then investigated
the simplest mechanism: the reader transmitters employ the uniform query and the
tag employs the identical signaling scheme. Different from the case of conven-
tional one-way point-to-point wireless channel, it was shown by simulations that

the identical signaling scheme can significantly improving the BER performance
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in RFID for some antenna settings. For the first time in the literature, in Chap-
ter 2, we gave a rigorous mathematical analysis to reveal the underlying structure
of the identical signaling scheme for backscatter RFID channels, and answered
the fundamental question why identical signaling can sometimes improve the BER
performance in RFID channels by showing that there is a bottleneck for backscatter
RFID channels. The results in Chapter 2 can be used to help the design of simple
but still effective backscatter RFID systems.

In Chapter 3, we considered more complicated cases. First, we considered the
case that the tags employ the orthogonal space-time code, while the reader still em-
ploys the uniform query. For this case, we provided a general formulation for SER
performance analysis, and this formulation is applicable to any sub-channel fad-
ing assumptions. Using this formulation, we analytically studied the SER perfor-
mances for Rician and Nakagami-m sub-channels, and derived asymptotic SERs in
closed form. We also generalized the PEP performance analysis to general space-
time codes by providing a PEP performance upper bound that the backscatter RFID
structure could ever achieve. For this case, we find that the diversity order is L for
Rician fading and is Lmin(m s, Nmy) for Nakagami-m fading. We suggest that us-
ing two receiving antennas (N = 2) is recommended in practice since N = 2 can
capture most of the receiving side gain regardless of the number of tag antennas
L. We also suggest that more design attention should be given to the forward links
in RFID, because we found that the performance of the backscatter RFID chan-
nel is more sensitive to the channel condition (the K factor or the m parameter) of
the forward link than that of the backscattering link. Second, we considered the
case that the tags employ general space-time codes, while the reader employs the
proposed unitary query. We proved that the proposed unitary query can improve
the PEP performance of backscatter RFID systems significantly for some antenna
settings and some space-time codes. We analytically studied the performance of
the proposed unitary query with general space-time code. Different from the tra-
ditional uniform query in MIMO backscatter RFID, which cannot provide either
time or spatial diversity, for the first time in RFID, we showed that in quasi-static
channels, the unitary query can provide time diversity via multiple reader trans-
mitting antennas for some antenna settings and some space-time codes, and hence

improve the PEP performance significantly. Due to the query-fading-signaling-
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fading structure of the backscatter RFID channel, the PEP and the diversity order
are not analytically trackable for the unitary query with general space-time. We
therefore provided a new measure for the performance analysis, and the proposed
measure can compare the performance of the unitary query with that of the uniform
query, for any space-time codes. Based on the results in this chapter, we can deter-
mine for which antenna settings the unitary query at the reader transmitter end can
yield significant performance improvements. Such results could guide us to design
high performance RFID systems at lower cost.

In Chapter 4, we analytically studied the PEP performance of space-time codes
in multi-keyhole channels, which have a signaling-fading-fading structure. The
main motivation for this chapter is to answer the question whether there is any
performance behavior difference between the backscatter RFID and multi-keyhole
channels since both types of channels have cascaded forms, which look similar.
Particularly, we analytically studied the performance of general space-time codes
for multi-keyhole channels in the MISO case. We also considered the case when
spatial correlations are present between transmission antennas in multi-keyhole
channels. The results in this chapter clearly showed that the backscatter RFID
channel, which has a query-fading-signaling-fading structure, and the multi-keyhole
channel, which has a signaling-fading-fading structure, have completely different

performance behaviors.

5.2 Future Work

In this section, we suggest a few future research directions based on the contents

of this dissertation.

5.2.1 Explore the Time Diversity Brought by the Unitary Query

The fundamental reason that the unitary query proposed in this dissertation can
significantly improve the BER performance for some antenna settings is that it can
diversify the channel gains over time in a slow fading environment. Therefore,
there is a huge potential for performance improvements by exploring this time
diversity. An immediate idea is that simple repetition codes, which cannot help

too much in conventional slow faded non-backscatter channels, are expected to
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yield superior performances when employed together with the unitary query in
backscatter RFID channels. The joint design of unitary query and repetition code
can be very attractive for RFID systems, which often prefer less complex hardware
and lower cost. For example, suppose we have the following design requirements:
only have one antenna at each tag; a low BER is required; and a lower transmission
data rate is acceptable. For this case, a repetition code with factor 2 with a simple
2 x 1 x 1 channel can achieve a better performance (e.g., a measure of 2 based
on the proposed new measure) with the unitary query, but the uniform query can
never achieve a measure of 2 even if a large number of antennas are deployed
at the reader. There are many time diversity techniques that we can explore for

backscatter RFID systems with the unitary query at the reader transmitter end.

5.2.2 Non-Coherent Schemes for the Unitary Query

For coherent detections, channel estimation poses a large overhead for the backscat-
ter RFID channel when employing the unitary, as the channel has one more oper-
ational end. For the unitary query and general space-time coding, the reader has
to estimate the channel state information for MLN branches, and this will decrease
the system efficiency, which might be crucial for some RFID systems. Fortunately,
we can consider alternatively schemes based on non-coherent transmission and
detections [83] for the backscatter RFID with unitary query. As the fundamen-
tal reason for the superior performance of unitary query is that it diversifies the
forward fading over time slots by using multiple reader transmitting antennas, the
unitary query must also be able to bring similar performance enhancement for non-
coherent transmissions. Non-coherent transmissions and detections can not only
avoid the large overhead for channel estimation, but also requires low complexity

and low cost tags and readers.

5.2.3 General Query for the Backscatter RFID

In Chapter 3 we proposed unitary query and showed that there are significant per-
formance improvement for some antenna settings. However, sometimes with hard-
ware constraints, the unitary query may not be available. For instance, when T is

larger than the number of query antennas, the time diversity cannot be fully ex-

94



ploited by the unitary matrix. Therefore it is necessary to give an analytical study
of the PEP performance for any arbitrary query matrix. With hardware constraints,
jointly design of space-time codes and query matrices can help to decide the trade-
off between the complexity of the hardware and the performance of the backscatter
RFID system. Intuitively, the performance measure for general query matrix can
be a linear combination of some form of the measure for the unitary query and that
of the uniform query, while this still need to be confirmed by mathematical proof

in future work.

5.2.4 Optimal Query Antenna Selection

We consider a query method for which if there exists a i € {1,---,M}, such that
||h{l|| > ||h£”H forallm e {1,--- ,M} and for all [ € {1,---L} over T time slots,
then the reader allows only the i-th query antenna (we call the i-th query antenna
the optimal query antenna) to send the query signals over the current T time slots,
otherwise the reader still employs unitary query. It can be shown that this optimal
query antenna selection method will yield even a better PEP performance than that
of the unitary query. With the assumption that the forward channels are i.i.d., the

probability that the optimal query antenna exists is given by

M 1
ME = VT 6D
Except the case when L = 1, there is no guarantee that the optimal query antenna

exists. So the PEP that for the above query method is given by

ME1—q

1
PEPOpt - 7PEP* w

ML_] o PEPunitarw (5 -2)

pt T

and bounded by

L—1 _
|5 PEPq M | 11’
PEPunitary M~

(5.3)

where PEP,, PEPz‘,pt and PEP i,y are the PEP for the optimal query antenna se-
lection, the PEP when the optimal query antenna exists and the PEP for the unitary

query, respectively. It is expected that a few dB gains can be brought by the op-
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timal query antenna selection method, compared with the unitary query method.
The cost of this method is the overhead for the channel estimation, which is the

same as that of the unitary query in the coherent detection case.
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Appendix A

Derivations

A.1 Chapter 2 Derivations
Proof of Proposition I. LetA =1+ T’Z[L:z Qy, then

A
o _ w  eXp (—061—?>
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4 4
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where of = o —1—% and Ej(x) = [~ e " /tdt is a special function called the expo-
nential integral [44].
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Now we have
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The last step is obtained by the asymptotic property of the generalized exponential
integral E(-) [44].

O
Proof of Proposition 2,
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oo 1 ,
= /x/:l: N exp(—x')exp 5 =ydx
Y
Ex (l) |
=\ e () (A3)
Y Y
where x =1+ yo, and X' = % . The asymptotic expression is just like that in Propo-
sition 2. O
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Proof for Proposition 3. LetA=1+7Y;_, 0y and
L (oo}
exXp| — Z (07] /
=2
L
—ew (- Lo
(é_
=exp ( > v
Y
o U

+
‘{n —_

(147) exp(—al)dal

o (3)

EETES

._.
n

\_/:>

-1
where Ey ()

(A4)
Ji= | &5-dt is the generalized exponential integral. Using the relation
that Ey(z) = 15 (€77 —zEn—1(z)) [44] we can prove that

V-1 N IE
Ey(z) = = (2)

1 I(N_l ) i— lefz
(N— + Z N_T)! (A.5)
then
= e il l:EN(,)
GN’L(Y):/aL_om/%_oeyAN—Fdaz -
/m /w (—)N-1(A)N-1E <%)
= er -
a—0  Ja—o AV-TH(N = 1)!
N=1 (—1) N (N = 1—i)1(A)i e 7
¥
+€7 (N_l)! daz...daL
N lE é)
= ey/ / 1 ’ ——dap---doy,
oL (05) —1
ooN l 1 1 —l—i)'e_ZlLﬁ“I
+/ / doty---do
a  Joo I —1 'Y’(H'YZ o)V 2 t
. NS (=D (N =1 -0)! .
i 1(N—1)!G1’L( H; o e
_ 1 (k 1)
v iw— o ;

Gk (P- (A6)
The last step is obtained by changing the index, i.e. k=N —i

O
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Proof of Proposition 4, Case 1: N > L

We apply mathematical induction to prove this property. It is easy to show that
Gy 1 is valid for (2.23), suppose for L = j the argument is valid and our goal is to
show for L = j+ 1 < N it is still valid. We have

_ _ _ 1 _
GN,(j+1)(_):(_?-—,)N_1( ) 1+ (V) — g, ) 1)!ij(7’)

(=PN(N=D!(j+1) (—}:’)1(N—1 !
1 . (N—=2)! " 1

(=pNN=DG+T)  YN=D! T (N=2)- (N=1— )Y
1 1

(=N (N —1)! (J+1) (N—=1)---(N=1-j)y!

. 1

T T 7
Therefore (2.23) is valid for N > L.
Case2: N=L
For N =1 and L =1 it is easy to show (2.23) is valid for N > L. Now we need to

show that (2.23) is still valid for N =L = j+ 1.

_— 1 7) ; =
Gjrn),(+1)( ):( )71 CLuHD ) (V) — Z, ]+l 7)1k 1Gr.i(7)

L d G-y
S A

Gr;(7). (A.8)

Since for k < j, Gy j(¥) =< = and for k = j Gy j(¥) o< In(7) e have

7’f N
o G-1! . -
G0 = =S~ g )
. In(p)
A (A.9)

Case3: N<L
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A similar approach as that of Case 1 can be obtained for this case, therefore we
omit the details here. O

A.2 Chapter 3 Derivations

A.2.1 Derivations for Rician Fading

The PDF of the forward channel which follows the Rician distribution (normalized
channel energy) is
o (Ky(Ky+1)ay)"

_ —Kr—(K+1)ay
G e Y

(A.10)

where the equality is given by the Taylor expansion of the modified Bessel function
of the first kind (i.e. Ip(-)). We can expand the conditional MGF G(7|q;) as

N o = i
Gi(¥loy) = <—K”+1> ) 1 (NK”WZ> (A.11)

Ky + 1470y 1.1:01! Ky + 1+ 70y

Therefore averaging G;(¥|y) over the density of ¢ gives

Gi(7) = | fla)G(Flan)day

[ Kp+1 Nil __ NKyyoy :
a=0 \Kp+1+70y ) =it \ K,+1+7oy
> (Ke(Ke+1)og)™
< (Ky + e K Kre 3 (K ( (;:)2) )

m=0
b m i oo
D lD D3

DI

m=07=0 ;=0

m+l(K1—|—’)/OCl) (N+i)
x exp(— Kzocl)docl

Dng BYF(7.N ) (A.12)
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where D| = (Kf—i- l)e_Kf(Kb + I)N, D, = Kf(Kf + 1), Ki=K,+1, K, = Ky + 1
and D3 = —NK,,. For presentation simplicity we define the function

)

F(’):/aNlaml) :/ (le+i(K1 —|—’}:/(xl)_(N+i)e—K2(X1dal

0y=0
(m' — 1)KV K™
(m' —1)!

= —N'
“ Y —y -1
X 1+ e Yy" g A.13
/y_0< K1K2y> y y ( )

where we use change of variable to obtain the second line: y = K, oy, m' =m+i+1,

!

N’ = N +i where the function M(%,N’,m’) = ﬁ o (1 + %y) ey gy

was well studied in [52] and has a closed form of

K Ky !
e 7 (K1=I(2> m—1 ,
MEN )= —>"2 % (m,l)
Nt

m—1—j
X <—K1;2> F(j—N’+1,K1;2> (A.14)

where I'(.,.) is the incomplete gamma function. Substitute (A.14) back to (A.13)
and (A.12) we obtain (3.12).

Proof of the asymptotic form:
The asymptotic form can be obtained when only considering the terms associated
with the lower terms of m in the exact form. This is because the lower order of the
PDF of oy determines the asymptotic performance when SNR is large.

Case 1: N >1
M(y,N',m’) has an asymptotic form for large ¥ [52]

wi)/ ifm =N':
MF,N',m') = (=11l ) (A.15)
(a7b71>)! . lf m/ #N/
(@ (i5%;)

where a = max(m',N') and b = min(m’,N"). With m = 0 we have a = max(m’,N') =
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N+i,b=min(m',N') =i+ 1 and

F(7,N",m') =(m' — 1)KV K" M(3,N',m)

—b—1)! .
. (a ?) (' — DKV RS
(a1 ()
N —2)! L
W+i-1)! ()
_ (N-2)!

itk

Wi D (A-10)

Substitute the asymptotic form of F(¥,N’,m’) back to (A.12), we have the asymp-
totic form of G,(7) as

oo

i —2)
Gl(?,mZO)iZDlD*f/i! (N=2)! p1-w

& TN

= (N—2)!
:2010’3% =N (A.17)
i=0 (N+i-1)ly

C = DY 'kNy .
multiplying G;(7,m = 0) by UVtTID] yields

N—1 = oo N+i—1
Dy K'Y Gi(y,m=0) = LoD
(N—2)!1Dy " (N+i—1)!

oo J o 1 N-2pnJ N—-2 nJ
ZD3_ D3 DS_D &

-0y

- ; - =7 - - (A.18)
A= A= ];) J!
therefore,
- ) Z;O:ODg]+i_1 oo Dé N—2 Dé
G(ym=0)=—7"————= - — -
( ) (N+i—1)! ;)]! Jg() j!
=(N-2)! Dst_zDié D D-N+1g1-N5-1 A9
=(N-2)!|e Z].,13 A (A.19)
=0 J*

For m > 0, M(y,N',m’) =

o(¥7%) < o(¥7?), the terms for m > 0 can be ignored
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since G;(¥,m =0) = o(7~!) >> o(72) for large SNR. Therefore we have

- Z ODN+1 1 Dé N_zDé'
Gi(7) =Gi(Y,m=0) = Z——=—— =) —
(N =Giym =0) =T 51 j;)]! P
ZDJ
=(N-2)! <eD3 ) i >D1D‘N+1K1 Ny L (A.20)
j=0

Case2: N=1
With m = 0 since m’ =N’, wehavea=b =i+ 1 and

= arl ln<K1):;<2) —i—1 pr—i—1 ln(KIJ:;Q)
Y
() !

substituting it back to G;(¥,m = 0) yields

- = DD.r
Gl(%m:O) :Z :

!
-0 b

=D In(y)¥""

F(y,N',m')
- D5
i=0 1!

=D;eP3(Iny—1n(K 1K) 7. (A.22)

Form>1,wehavea=m+i+landb=N-+i=1+1iand

DDln l
Gi(J,m>1)= ZZ 1 WF m') (A.23)
m=0i=0
. —b—1)!
F@N ) =+ iy — 2D eva
Y
(a—l)'(m>
=m!K,"y ", (A.24)
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substitute it back to G;(¥,m > 1) we have

D1D2D’3V

/
Gi(¥,m > 1) W;Z 1) (¥.N',m')
— Z ’}:/_le_leD 273
m=1 =
=D, (X7 —1)eP3 771, (A.25)
Combining (A.22) and (A.25) yields
Gi(7) =Die” (In(§) — 1+~ —In(K1K>)) 7. (A.26)
A.2.2 Derivations for Nakagami-m Fading
Let y = myoy, the MGF can be written as
o 5 *mbN
Gz(:):/ <1+ ! y>
y=0 myemy,
m'y! :
fooom—1 —mf+1 y
X ——y"/"(m ex yd<)
oo Y, —mpN mffl _
_ / <1 +—L y> M exp() g, (A27)
y=0\ My L(my)

by using the result of (A.14), we obtain (3.18). The asymptotic form (3.19) can be
obtained by using (A.15).
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