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also help us attract additional submissiﬂons.in .the
respective emerging research areas. The first invited
paper, authored by Colby Boyer and Sumit Roy and
titled “Backscatter Communication and RFID: Cod-

Dear Readers: . s
I am writing this editorial to inform you about a

L. CtvN, Director of Journals new initiative that we have started and about the time-

J. MIL1z70, Assistant Publisher
University of Delaware
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Newark, MD Vancouver, Canada New York, NY liness of our review and publication process. ing, Energy, and MIMO Analysis,” appears in the cur-
SENIOR EDITORS Our journal has one of the longest histories arr;ogg rcr;l issue. While we do not have a. fixed target
A . SN, ISR )““'.: the Sb < i o o B . d
. all communication journals. In fact, the first issue o ( ber, we expect to publish three or four invite
E. AYANOGLU D. TAYLOR A. Zanella M. Zorzi a st N s T e number, p U
University of California University of Canterbury IEIIT-BO/CNR University of Padova T)’(lIlS(IC‘llOIl.S of r/zc‘ IRE‘Pfojcssl(inal 'Gl(m{)} 4(»1}{)/{)11);mc papers per year. I note that a[[hough 1h¢. 111v1t.eq
Irvine, CA Christchurch, New Zealand Bologna, Italy Padova, Italy cation Systems, which after several name changes bec papers are solicited directly by the Editor-in-Chief,

the IEEE Transactions on Communications (TCOM),
was published in 1953. Throughout the years TCOM has
maintained a broad scope spanning several areas such as
wireless communications, wired communications, and‘
optical communications, and scrvcd‘zls an “incubator” for otfller‘,
more specialized journals in some of these areas. Over Ihe y@ars{,
TCOM has been at the forefront of many new research .dlrectlons,
including spread spectrum communications, turbo coding, space-
time coding, cooperative diversity, and many others. In the early
years of TCOM, emerging research areas were shaped and
advanced through special issues. These §pcc1ul issues in turn qlso
helped TCOM to reshape and refocus its scope. HO\xevcr, after
the creation of a dedicated “special-issues journal,” the [EEE
Journal on Selected Areas on Communications, in 1983, TCOM has
ceased publishing special issues. Since then, the appointment of

they of course undergo the same rigorous review pro-
cess as regular submissions. ‘

The second issue that I would like to address is the
timeliness of our review and publication process. Over }he past
few years, TCOM has undertaken a concerted effort to improve
the timeliness of the review and publication process. The fruits of
this effort, which was initiated already by my predecessor, Michele
Zorzi, are shown in Fig. 1. This figure depicts the average nu.mbcr
of weeks it takes for an accepted TCOM paper from submission
to online publication in IEEE Xplore (sub—lo-pub‘), and the aver-
age number of weeks it takes for a TCOM paper from submission
to the first decision (sub-to-first decision). Over the [_)asl year, our
average sub-to-pub times improved from 66.3 weeks m‘lhe second
quarter of 2012 to 44.5 weeks in the second quarter of 2013. Sev-
eral factors have contributed to this improvement. First, our Edi-
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experts in new and emerging rcscargh areas as Edi}qrs has
become our primary means for reshaping and modernizing lhg
scope of TCOM. Although this has served us very well so far_ as
current examples of new areas such as l?hyswz}l Layer Security,
Energy Harvesting, Massive MIMO, Optical Wireless, Heteroge-
neous and Self-organizing Networks, Molecular and Nano-Com-
munications, etc. show, it is perhaps time to enhance the current
approach by installing a more proactive r.neghan_ism. again.

To this end, TCOM will start publishing invited papers on
emerging research topics in communications by authors who.are‘
well known experts in their respective rescqrch areas. Bemdps
the obvious benefit that the publication of such high quality
papers provides to our readers, we hope that this initiative will
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tors have improved the timeliness of their decisions (without
compromising on quality). In fact, over the past year, the average
time it takes an Editor to arrive at a first decision has slaplllzed at
approximately 10 weeks. Second, we have dc'crca‘sed the time that
a reviewer has to submit his/her review. Third, we decreased the
time an author has to revise a paper. Fourth, we have moved the
post-acceptance processing to Man.uscripl Central. We expect
additional improvements in our timeliness over the next few quar-
ters before we reach steady state.! ‘ : )

In summary, I believe TCOM offers a ll{gh qt{alny an.d time-
ly publication process to its authors, V\"‘hlcl‘l will continue to
attract high quality papers to the benefit of our rca.ders. Thc‘
new invited papers will further enhance the attractiveness of
TCOM and help us in shaping and refining the scope of TCOM.

In closing, I would like to thank the many individuals that
have contributed to the success of TCOM in the past two years.
First of all, I would like to thank the Editors and Area Editors
as well as the countless anonymous reviewers for lhe.hard work
and time they generously dedicated to TCQM. Their hel.p was
key in improving the timeliness of the review process without
compromising on quality. Furthermore, I woulq like to thank
the Senior Editors (Alberto Zanella, Desmqnd .Faylor, Ender
Ayanoglu, and Michele Zorzi) for_ sh:armg their v.v1.s:d.on) with me
and helping me in launching the invited papers initiative. I also
would like to thank Katie Wilson (Director of Journals an‘d VP
Publications), Vincent Chan (VP Publicalions),.und Len Cimini
(Director of Journals) for their invaluable zldVlcq and support.
Special thanks is due to David Daut, who served for .25 years as
the Publications Editor for TCOM, and Jqseph Mlllzzo (Com-
Soc Staff), who both were instrumental in moving the post-
acceptance processing to Manuscript Central. La§l but not least,

I would like to thank the TCOM Assistant, Derrick Wing Kwan
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— Invited Paper —
Back§catter Communication and RFID:
Coding, Energy, and MIMO Analysis

Colby Boyer, Student Member IEEE, and Sumit Roy, Fellow IEEE

Abstract— i i
bt l;'lt:lczt lRadlo Freguency IDentification (RFID) is intended
e logit;%.acy (gptlcal) bar code scanning technology found
1c and retail applications. R is distingui
1o ' s. RFID is distingu
lo);l ézsgctpensn;le, low power and compact form factor tagsgv:';l:)es(:
municat)i] an eff.icacy are predicated on using passiv’e com-
o ;::c Iiechtl;lques z;nd on-tag power harvesting. Such tags
Scatter modulation, which doe Sl
= S not requ E:
atctt:-;itigf dc:l:npor;fnts. As a result, backscatter has l?(ecg;ed:i
sign choice for short-range communicati i i
A g ni
conr}sltlramed wireless sensor networking scenariozmmIlS e
@ OSe Eur{:ose of this work is two-fold. First, it aims t
. 50 e bac sc.atter communication as an emerging topic t0
modumlamtil::::catl(;m systems-theoretic audience. Since backslzatte(r)
- and on-tag power harvestin i
e ) g efficiency are
lc : e1Is1cnetc.essary to re-examine notions of power an({ spectcrozlllp;:f(ii ;
oo dy nl;OI(]]‘l ;lm 'energy-constraint perspective; this leads to novei
o invest(i)g:tatiglr;l Bcl;:}mes for future RFID systems. Further.
e IMO syst o R Ing: : : :
e imvestiate RFID M1y Stagsﬁimihwhere A cl!annel Cidine o}lpwmg. actve, semi-passive, or passive. Active RFID
Secotarel has diftreu; sait fsb an ihe 'ClaSS.lcal Rayleigh utilize powered transceivers for the uplink: { { i
spatial multiplexing gains are distincf tfyv b d!Vel‘Slty e ] R Standapd.’ : . tﬁ)r < o
rom wide-area MIMO. passive tags consist of a 10:/ cost/, g Ma“?“ Vit
power 1ntegrated circuit

scattering, RFID tags (IC) capable of limited i
X 2 3 processing, along with RF circui
fading, wireless sensor ~ support backscatter modulation :nd dosvnlink derrcllr;ulltr)'/ =
L odulation,
Ea[rtectlﬁef to hgrvest RF energy, and energy storage (e.g
hgry or capacitor). Passive tags can have the same gener-ai
architecture as semi-passive t
ags, except they cannot
energy and are completely reli s
r y reliant on harvested R
v ! : e F energy.
resezllcra t;l)a:m-ve chz;?less tags [S][6] are a promising area ggf
oy C ‘ or reducing the cost of RFID tags, they lack the
required to perform any on-tag logic or computation. In

this work, we focu
X s on RFID systems ba i
; _ R S
semi-passive tags. : j il

The wireless identificati i

e on and sensing platform (W i

Elsgsgxgl;l;mble sglsor p]gtform based on RFID. It ips’ wireless(ly lso]ia [8(]1 ot
scatter modulation to relay sensor information to a RF[;D fcar:de?n ;

wireless sensor networki i
: 1ng scenarios [2][3 ;
R [2](3] where short-range,

In general, RFID tag types may be classified into one of the

Mlllcltgx Ter(‘lmi—Radio communication,
, modulation, modulati i
N 5 ulation coding,

I. INTRODUCTION

R;A}IDIO Frequepcy IDentification (RFID) technology is a
o tort-range wireless communication technique foL; read-
in:fjrreaa.a lsuch has an electronic product code (EPC) (and
singly, other relevant informati

. tion) stored ¢ -

iy it | a on a tag af-
aree((i: Oto objgcts [1]. The information on EPC-tagged obﬁects
modul;r;ir;;lmcit'ei t.o ah nearby RFID reader via backscatter

» Which 1s the focus of this work. S
to improve on the limitati i S ey
ations of the present-d i
; : \ -day optical ba
Cﬁ(tjii :leladel sgl.stems, commercial adoption of RFIDphas beerf
y predicated on (ultra) low i
: -cost tags. This h
s _ as lead
2 ;ng e[:)mphasm on passive tags that operate without any
- ower source and rely entirel

: urce Yy on backscatter.
ga(l)snswe communication method, for the tag-to-reader u,plink
techse(}uently, the maturation of passive low-cost RFID ta .
nology has made it a viable candidate for more genera%

Corljlzrlgl;rsl?::;;r:nodulatlolrl is disFinct from traditional wireless
i e s(}I/{sIgems in that it does not require any active
it y (RE) components on the tag. The tag instead

continuous carrier wave (CW) downlink signal

generated by the reader as the signal to (re) modulate for

uplink com icati i
p munication. During backscatter operation, the tag’s

Ezinnaa moprl:.t 1mpe‘dance_is i.ntentionally mismatched to scatter
amplimd;; ;o}r: of the incident CW signal; the phase and
e Ono : 1; e baf:kscatter is determined by the impedance
e Ie{FtIegs antenna [7]. By varying the antenna

SR Ol;to = tag can encode digital (typically binar
uplink signal, which is th ¢
e en decoded by the

The ongoing integration of various sen
' ‘ sors

:;lffll] :[s vf(isifsrl:;led 1n [8] [91, confirms the pote:ntizln fcl){rFlfgvtags’
Shet at use modified RFID Ccomponents and exj o
it Cks (notably ISO 18000-6C [10], the j e
0 transport any dynamic sensory d ; L
0090-6778/14$31.00 © 2014 IEEE e “

as a

Manuscript received June
I 6, 2013; i
coordinating the review iz
Zanella.

The authors are with the D

. ¢ epartment of Electri ineeri i
:fors?y@ of Washmgton, Seattle, WA 98195, iJISlf\a] (Sjﬁ;?ﬁeung, -

Y t @u.washington.edu). C. Boyer is the corresponding authorA Sy

hi rk S sup P y d in
This WOIK was s por ted in art b
t NSF under grant ECS 08242()) and 1r

Digital Object Identifier 10.1109/TCOMM.2013.120713.130417

sed October 1, 2013. The edi
} ) ) 3t editor
of this paper and approving it for publication wasl Xl
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a tag. Target applications include scenarios where traditional
active RE systems cannot achieve required link efficiency
vs. power consumption trade-offs, while meeting weight/size
constraints [11]. Of particular note are low-power, constrained
form-factor scenarios from biological/physiological sensing
applications, for which specialized RFID tags with sensors
have been fabricated [12][13][14]. An example of a RFID
pased sensor platform is the Wireless Integrated Sensing
platform (WISP) [8], shown in Fig. 1. As sensor systems
grow in the number of users, data volume, and range, passive
packscatter based networks will require improved link and
power efficiencies, thereby opening a new set of challenges for
RFID system designers at all (circuit, device, communication
link and network stack) levels.

The existing literature on the communication theoretic as-
pect of backscatter focuses on improving the current uplink
multiple access technique in the ISO 18000-6C standard,
which uses framed slotted ALOHA [15]. Enhancements in-
clude a new space-frequency division random access scheme
in [16], as well as multi-user detection [17] [18] in conjunction
with rateless codes [19]. In contrast, the physical layer aspects
of REID and backscatter appear to have been largely ignored.
As evidence, the ISO 18000-6C protocol does not incorporate
any forward error correction or fine grained link adaptation;
only simple cyclic redundancy. checks are used for data
integrity. The protocol’s modulation scheme is based on binary
line codes [20], where the only available variable to adjust the
link’s reliability and rate is the symbol period. Consequently
the current design does not provide for a robust uplink during
poor link conditions [21].

There exists considerable opportunity for communications
system designers to contribute notions from coded modulation,
suitably modified for RFID context, for improving uplink
efficiency and/or achieving desired trade-ofts. The amount of
energy a tag can harvest on average is affected by numerous
factors, depending on if the tag is idle or backscattering.
During the idle state, the efficiency of the harvesting circuitry

[22][23], which can be as low as 20% depending on design
choice, is the primary determinant. During the active state, the
choice of tag modulation and coding influences the amount
harvested as investigated in [24]. As a result, it the average
harvested energy is less than the average energy expenditure,
tags undergo duty-cycling, between an active communication
(on’) state and an idle (off’) state that is used largely for
energy harvesting and storage [25]. As a result, (passive/semi-
passive) tags are primarily downlink limited [26], whereby tag
availability is limited by the amount of energy they harvest
while not communicating. In turn, this impacts the amount
of data it can transmit on the uplink when it is active, since
the tag duty cycle ("on’ portion) must be judiciously balanced
against the modulation/code rate used.

A second distinction arises from the nature of the scattering
near the tag and the reader’s antennas. In backscatter, the
signal received at the reader arrives after traversing two inde-
pendent paths. On the reader-to-tag downlink, the impinging
signal at the tag antenna is the superposition of components
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set of scatterers close to the reader. Since the receiver observes
the product of two independent small-scale fading effects,
the net fading statistics differs from the standard Rayleigh
fading. Known as the dyadic backscatter channel model,
first introduced and studied by [27], captures the composite
fading due to the two paths and supports general multiple
input multiple output (MIMO) scenarios involving M reader
ransmit antennas, L tag antennas, and N reader antennas.
Since the dyadic channel was only recently defined, there
remains ample opportunity to investigate the performance of
difterent MIMO techniques in RFID systems.

This paper has two broad aims: to provide a tutorial survey
of backscatter modulation as an emerging means for short-
range low-rate communications by highlighting some relevant
prior work, and to present new results on the diversity-
multiplexing tradeoff of the dyadic backscatter channel. The
material is organized into the following three areas:

o Backscatter Modeling: Section II-A provides a short
tutorial review of backscatter communication principles
[24][1], and describes the relationship between the tag
equivalent circuit model and the backscattered baseband
signal observed by the reader [7], [22].

o Coding & Modulation: Section II-B presents a summary
of results from [24] on the relationship between on-tag
power harvesting and forward error correction applied to
higher-order backscatter constellations [28]. Using link
budgets [26], [29] and a simplified tag energy harvesting
model, Section II-C presents new results on the tradeoff
between tag duty-cycling and link reliability for downlink
limited tags.

« MIMO: Section III provides a tutorial review of the
dyadic backscatter channel (DBC) and corresponding
statistical characterization by [27]; space-time code per-
formance results are taken from [30]. Section IV contains
our primary novel contribution in this work, that derives

the diversity-multiplexing tradeoff [31] for the DBC.

II. RFID BACKSCATTER COMMUNICATION PRINCIPLES

A. RFID Backscatter Fundamentals

A backscatter communication system consists of two com-
ponents: a RFID tag (backscatter node) and a RFID reader
(transmitter/receiver) [1]. The tag does not utilize any ac-
tive RF components, but the reader uses typical active RF
electronics to generate a sinusoidal continuous wave (CW)
signal and to demodulate the backscatter. Any tag within
range of the reader’s downlink CW signal will backscatter
a portion back to the source (the reader), while the remainder
is harvested! to assist powering the on-tag integrated circuit
(IC). The IC modulates information onto the backscattered
CW by controlling the front-end impedance loading [8], [32],
as described later.

The backscattered wave observed at the reader is composed
of two different components: structural mode and antenna
mode scattering [7]. Structural mode scattering depends on
the antenna geometry and material, but is independent of the
antenna’s impedance load. Antenna mode scattering depends

from multiple scatterers in the vicinity of the tag. This incident
signal is modulated by the tag and scattered back to the

reader; en route, the backscattered signal encounters another lyia AC-to-DC conversion
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Fig. 2. System level diagram of an RFID tag with two modulator states.

Eine represents the incident E-field generated by the reader’s CW at the
tags antenna. 6—,;“ represents the backscatter E-field propagating back to
the reader’s receiver. To modulate &y, the on-tag microcontroller logic
switches the backscatter modulator between two impedance states Z; and Z».
Additionally, the microcontroller processes any sensory data. The demodulator
(demod.) block decodes the reader to tag communication. The power harvester
captures part of the energy in the incident RF g}nc for use by the tag.

on the antenna’s load impedance. By altering the tag’s antenna
impedance loading, a return signal with different phase and
amplitude is backscattered to the reader. The reader uses
the received backscattered signal to estimate the different
modulation states at the tag. A simple example of backscatter
modulation is switching the tag impedance between two
values, Z; and Zy, to achieve binary modulation (e.g. on-
off keying), as illustrated in Fig. 2. In this example, a tag
is illuminated with an incident RF electrical field é?im, part
of which is backscattered as the field Eﬂm,‘ The remaining
power is assumed harvested by the tag, i.e. dissipated by the
modulator impedances Z;, Zs.

To understand how the antenna’s impedance load affects
the backscattered and absorbed signal components, consider
the Thevenin equivalent circuit of the tag front-end [7], [22].
Fig. 3 illustrates the three main system parameters Vo
(sinusoid voltage induced by the reader’s incident CW ginc),
Za = Ra+ jX 4 (antenna impedance), and Z;, = Ry, +j X
is the equivalent tag impedance as shown in Fig. 3. Given the
incident E-field 5_'{“0, the backscattered field at the reader can
be written as?

My

—

~ M
Escat — &

scat

I

148

~

a ; ( | )
where

. E?ngl is the signal at the reader given current Iy passes
through Z 4; :

ol = % is the (complex) reflection coefficient
between the antenna and load;

QVE;’ is the current through Z, when the antenna
and load are conjugate matched Z; = Z* corresponding
to the maximum power transfer condition;

o &/, is the electric field strength at the reader per unit

Ampere of antenna current.

° I]\[:

The first (second) term represents the structural (antenna)
mode scattering, respectively.

2Using Green’s decomposition [33][7] of the antenna and structural scat-
tering modes to describe the scattered wave at the receiver.
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Fig. 3. Thevenin equivalent circuit of an RFID tag. V()¢ is the voltage
induced by the reader’s CW, Z 4 is the tag antenna’s equivalent impedance,
and Zp, is the combined impedance of the tag front end and backscatter
modulator.

To modulate the backscatter, the tag switches the variable
load Z between discrete states. For example in Fig. 2, the
tag switches the modulator impedance between Z; and Z-
resulting in the corresponding reflection coefficients I’y and
', respectively. The resulting E-field at the reader’s antenna
is one of the two signals EM — ' Iy L. Sk ny L
Demodulating the above signal with the standard quadrature
receiver architecture, leads to a complex baseband equivalent

signal
Y= P|F1,2|26_j(”:1: + D+ w. (2)

The backscatter modulator state determines the (unknown)
symbol @ € {—1,+1}, the offset D results from the (constant)
structural scattering (and any CW leakage of the transmit
signal into the receiver path) and the additive (complex) white
Gaussian noise is w ~ CN(0,0?). The ¢=7¢ term models any
random phase rotation of the backscattered symbol resulting
from the uplink channel. We assume the reader has a mono-
static® architecture and the channel state remains coherent
over multiple symbol periods, so D and ¢ are effectively
constants. Using pilot symbols, the reader estimates D and
¢ in order to shift and de-rotate the constellation [35] as
illustrated in Fig. 4. Otherwise, if these components cannot
be estimated and compensated for, the reader must use non-
coherent detection techniques [36], [34]. For short range and
low mobility operation with symbol rates on the order of 100s
of Kbaud, it is reasonable to assume a C()bc;;cnt receiver is
possible at the reader.* The term P = % 1S a constant
that accounts for the path loss between the tag and reader,
offset removal, and quadrature down conversion. The detection
performance depends on the Euclidean distance between the
two reflection coefficients states via |[I'y »| = |I'; — '] and
the corresponding SNR = P|T; »|?/02.

It is possible to generalize backscatter to other (2-
dimensional) constellations [28] such as a four point con-
stellation shown in Fig. 4. The antenna mode scattering
component of (1) is a complex scalar multiple of T, which
is determined by Zy.. So by choosing Z . properly, quadrature
backscatter modulation can be achieved. To understand the
relation between the modulation impedance choice and the
resulting constellation points, consider an arbitrary complex
constellation alphabet z; € X. The corresponding set of T';

*Monostatic readers use the same local oscillator (LO) for the transmit and
receive chains, and bistatic readers use a seperate LOs. If the LOs are not
common, then there is a frequency offset observed at the recejyer. [34]

*This can be justified by using rule of thumb approximation of channel
coherence A is wavelength and v is source/destination velocity.
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4-QAM

Antipodal
Signal Shift and

Rotate Phase
Shift and
. Rotate Phase

Fig. 4. A binary antipodal constellation and a 4—QA_M gonsle]latlon, D is
a constant offset due to structural scattering, and e~ J¢ is a random phase
rotation of . Partially reproduced from [24].

values are then [35]
€Ly
F,‘ =
maXgex

where 0 < a < 1 controls the amount of impedance m.is—
match between the tag’s antenna and ;Qudl,‘ v’ghe corresponding
impedance load is given by Zr, = —‘1%—‘— The dem(.)du-
lated backscatter modulated signal appears as the transmitted
constellation X but with an offset D due to t.hc strucl.urul
scattering and a phase rotation. Note that this essentlz.llly
constitutes one mapping of constellation symbols to [hCPOlntS
I';; which is not necessary unique. Adding a constant (?ttsct to
all the symbols in X' will result in a ditferent valugs of T'y, t?ut
the detection performance of the shifted constellaugn remains
identical, as is well-known. While RFID modulat.lon 1s‘ still
largely confined to binary due to hardware constraints, hlghel
order (4-QAM) modulator designs have been successfully
prototyped [35].

B. Coded Modulation for RFID

Backscatter communication remains confined to ()pcl’a[i(?n
over narrowband channels®, so higher spectral efficiency W.lll
be key to achieving higher data rates. The primary constraint
on in backscatter systems is symbol rate: high Fates are
affected by inter-symbol interference (IST) ur‘ld high .ralcs
increase the tag’s clock frequency. For the 101‘[1]61.', single
carrier systems require complex equalizers at the receiver, anyd
for the latter, increasing the clock frequency increases the tag’s
energy consumption. While there has been progress [owards
ultra-wideband (UWB) backscatter systems [37], the primary
benefit of UWB is enhanced frequency diversity against la.dmg
and not ISI resolution at the receiver. Also, UWB receivers
require sophisticated analog processing. Hence, we assume a
narrowband coherent Gaussian channel as described by (2).

The purpose of this section is to discuss .lhe energy and
rate trade-offs between backscatter constellation deshlgns and
error correction codes. While increasing the conslellaugn order
improves the spectral efficiency of the 'buckscalle'r link, lhe
tag pays an additional energy cost due increased impedance
between mismatch the tag and antenna. The power han‘vesl—
ing efficiency decreases, because any impedance mismatch
decreases the power transfer efficiency bclwcgn the tag [26.].
To quantify the loss in power efficiency, consider the metric

5The highest symbol rate in the 1SO 18000-6C standard is 640K Baud.
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Fig. 5. (a) 4-QAM constellation with E4 = Ep. (b) 4-QAM constellation
with E4 > Ep. Reproduced from [24]

normalized power loss per information bit

PAI o Pbuck (4)

Ploss = C PJ\[

where Py is the maximum amount of power harvested unfier
matched conditions between the tag and antenna. During
backscatter operation, the average power harvested is Ppack- In
order to account for the gains of spectral efficiency, the term
C is the number of information bits per symbol. Incr.easmg
the constellation order will increase the C term, but 1n tql'n
it will reduce Ppack. SO a system with an unco‘dcd 4 point
constellation (2 bits per symbol) will spend half the amogm
of time in the backscatter state as compared (o a system usmg
a binary constellation. Forward error correction (FEC) C()fies
provides a new degree of freedom for a system designer to
strike a balance between Ploss and the rate achieved.

As a case study to quantify the trade-oft between Plos.s ar;d
spectral efficiency, suppose a tag bgcksgatlcrs a ge'nelal [;
QAM constellation, i.e. an uncoded bit pair (A, B) maps ontc

a complex symbol x. To simplify analysis, bits A and B map

to two orthogonal binary phase shift (BPSK) signals

2=/ Egb i Baia )
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Fig. 6.  Thevenin equivalent circuit of an RFID tag with the modulator
impedances separated from rest of the tag IC. Reproduced from [24].

where a,b € {+1,—1} map to bits 4 and B respectively.
The distance between symbols are denoted by E4 and Ep,
which qualitatively represent the symbol energy observed at
the receiver. By adjusting E4 and Eg, it is possible to
independently control the uncoded bit error rate of bit A or
B, e.g. the respective bit error rates are Q(\/2E4/Ny) and
Q(\/2Eg/Ny).b Choosing E4 = Ep results in the standard
quadrature phase shift signal (QPSK) or equal error protection
(EEP) for both uncoded bits. As an alternative, £4 > Ep
results in a skewed QPSK constellation and unequal error
protection (UEP) for both uncoded bits. A graphical example
is given in Fig. 5. For a particular link budget example, we
will show that a UEP scheme with the appropriate FEC applied
exhibits superior performance than EEP.

Assume that the modulator impedance 7,4 is placed in
parallel to the tag IC with equivalent resistance Ry, and
the antenna has equivalent resistance R4, as shown by the
Thevenin circuit in Fig. 6 [26] [22].7 For a minimum
scattering antenna, the information bearing component of the
signal at the reader’s receiver (1) is proportional to current
passing through the tag’s antenna port I4 [7],[26], which can
be modulated through the modulator impedance state. Not all
antennas share the minimum scattering property, so despite
choosing Iy = 0, a tag’s antenna may still produce a non-
zero signal at reader [7]. As shown by (1), this additional
offset is due the antenna’s structural scattering component.
Since these are constant offsets, the coherent receiver removes
their contribution without any effect on detection performance.
Hence for a coherent receiver, the backscattered constellation
observed by the reader is effectively proportional to 4.

Rather than designing constellations directly in terms of

Zmod> the antenna current can be shown to proportional to a
design variable € C

) (6)
A

where 7 is confined to the set W = { € C : |5 — 0.75] <
0.25}. Essentially, the set W defines the feasible backscatter
states by the tag. As such 7 corresponds to Zpoq [24] value.
By constructing a set of backscatter states 7, M1, - .., a desired
constellation, such as the one depicted in Fig 4, can be
constructed.

The power transferred to Ry, defines the power available
to the tag to harvest Py,

1
Rag i illtag(Zmod)I:)R[ﬂg’ 5

0Q(x) denotes the tail probability of the Gaussian distribution.

"This is reasonable if the inductive and capacitive components of antenna
and tag IC are tuned out by matching.
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Fig. 7. Two 4-QAM constellation with identical detection error by the reader,
but with different Py, values. One constellation uses the optimal 7 values,
while the other constellation is arbitrarily placed. The solid-lined circle is the
boundary of the set W, the feasible 7 values. The P, values are given for
the match (n = 0.5) and short (n = 1) state. Py, is give for the optimal

constellation design and for the arbitrarily placed constellation. Reproduced
from [24].

and Iiug(Zmoed) is the current passing through Ry, given a
modulator impedance of Z,,,4. As before, instead of working
directly with Z.q, Pas can be written in terms of power
harvested in the match state and n [24]

Puag = 4Pyl —7|*. (8)

Looking at Py, geometrically (Fig. 7 as reference), a circuit
designer should place the constellation points closest to the
impedance match point (7 = 0.5) in order to maximize the
power delivery to the tag.

Returning to our ongoing 4-QAM constellation example,
the average power harvested during backscatter across all four
states 7)o to 73 (assuming the latter are equiprobable) is

3
Prace = 1 3 4Bul1 — il ©)

=0
where 7; maps to symbol state i. The values of 7); are chosen
to meet the following optimization® criteria: maximize B,y
constellation set satisfies some constellation geometry, and a
BER specification is satisfied for some link budget [26], [29].
For the constellation given in Fig. 7, the B,y values are very

different but share the same BER.

The above also explains the motivation in choosing a
rectangular 4-QAM constellation (E, > Egp) by examining
the Py, metric defined by (8) closely. Note that switching
between symbols by changing only the real component of
n tends to be less efficient in terms of power harvesting
than changing the imaginary component of 7. For example,
consider the following two binary constellations defined by
their 7 values, {nf = 0.5,nF = 0.75} and {n{ = 0.533 +
01267, ni' =533 "= 0.125;}. Since the euclidean distance
of the two sets is equal, [nfl — pR| = [n = ni|, the error
performance is identical. However, e — 0.625P for
the first set and P,y = 0.93Ry for the second set. This
suggests that a rectangular 4-QAM constellation as shown
in Fig. 5(b) is more efficient in terms of harvested power. The

8More details on this optimization procedure are given in [24].
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TABLE I P
NORMALIZED POWER L.OSS PER INFORMATION BIT'F()R })1&}-.}1(;{:;1)
LATIONS AND FECS. THE NUMERICAL RHSUU 1S uuju L T
N HYPOTHETICAL TAG AND READER SETUP DESCRIBED IN [24].
g s ‘TAISI_H REPRODUCED FROM [24].

reduces the modulation cost of the power inefﬁcif:nt bit, and
the more power efficient bit is left unprotected (high rate).

C. Duty Cycle-Capacity Tradeoff

Passive RFID tags must rely on harvesting a portion of

S = at—s ‘ the reader’s CW incident energy in order to be operatlon?.l

Modulsion Type | pe =107 | e 0:032 c1 for backscatter. Consider a simple 2-state model: the tag 2
T R - cither active and backscattering information or the tag 1s
LoE el 017 0.024 125 in a sleep state and no backscatter occurs. If the (average)
= 5 ; power harvested by the tag is greater than the (average) power
UEP R = 18/2 it 0.029 1.5 consumed in its active state, then the tag is operational 1.00
UEdpf 'r; :— 3/4 . percent of the time. If not, the tag undergoes a dut)i C);gitgg
s 0.022 0.031 1.75 behavior between an aCtlYC state and a sltzep Ztatz,s Cu lin]{
EEP R =3/4 this reduces availability fqr backsgatter an 1re uc;1 . asp i
dfree =9 0.025 0024 2 throughput. In this sub-section, we further explore tTls pT )
EEP R=1/2 The duty cycle is defined as Dcycle = .TA/( At St’
dre =5 0.03 g»gi; ; where T (Ts) are the times spent in the active (sleep) state,
i'ggx? 8.83 0.11 1 respectively. During the sleep state, the tag consumes no

energy and the energy harvested.with rate I.DM is stored f}(l)r
use during the active state. During the active state, a) tte
tag consumes the stored energy at rate.Pc and b) l}ivejest
(average) energy at rate Fhack as determined py (9)..ff e

rate of energy consumption during backscatter 1s the di %ence
of the power consumed (Fc) and power harvested ( baCk)i
Assuming that the energy harvested in thf: sleep staltle r(xiluts
equal the energy expended dur%ng the active state, t et 1sly
cycle can be written in terms of the harvested energy rate

asymmetry in power efficiency marks one of major differen@s
in modulation design between passive backscatter and active
transmitter systems. . : ;
Traditionally, FEC codes are applied to 4—'QAM c‘onstellal
tions by coding over both bits such both bits receive equa
amounts of protection from the FEC code. C‘orrespondmgl)./,‘
his type of coding scheme gives a rate of 2R. Instead if o
e - bit is left uncoded, the e ‘ 1)
only one bit is coded and the other bit is le ; Dy e oy v
two bits now have UEP but with an overall rate 1 + 1% ¥ . futirag s
To take advantage of the added protection of the FEC code As discussed in the previous sectlop, Faptis detér ed by
{0 te'EEP E and Ep are rediced in order to decrease the constellation design. Note that this model assumsls a e
, i . . o 3
the impedance mismatch during the backscatter operaﬁon. As relationship between input power st gctual usable pﬂects
consequence, this increases FPoack- Since only one bit is coded Actual power harvester circuitry resplts i ncl:n—h?e?lr eliCit
for the UEP case, the ratio between Ex and.EB are chosen diat s Hoptake bt accQunt el fot ;hﬁ 15 ‘;Zr ?;r;l]p Shoz;
such that the BER of the coded bit is approximately equal to Réistes bt andasuroniants trom. an actual harvester \t how
I ded bit, as illustrated in Fig. 5(b). The method, used that the relationship is nearly linear once a certain input p :
by i , et TEC cot Ly = 1d i eeded, but where this threshold occurs depends
by this work, to measure the streng T il sch e exc | ; sk et
following approximation to a BER of a coded BPSK signa on numerous implementation specific details,

2 harvester’s architecture and the RF matching network. betv;zleen
: ) (10) the harvester and antenna [23]. Accuratgly modglmg t esi,c
e QRdfTeeFO non-linear effects is important for evaluating performance o

; a specific backscatter system,. but is'be.yonzdsthe scope of this
where dfree is the minimum freF dlst'ance : between two work: initial ‘efforts are described w1th11n [ ]l.]ere il
codewords and E} is energy per information b1t.EEP i Consider a binary backscattle mo? e;]toarr ;,Vstrictlymr ?Sistive
i { constel- : ;
s o
i i ith different ra (apes : SR o '
}?tlzﬂirxg fgacsei?::Se\:;mples of uncoded binary phase shift grllz r:1noodul.a\tor s);ate remains in the matched condmo; (1.];,
: ’ ! i ‘ ircui ; lue Za.
keying (PSK), binary amplitude shift kel)lfutlgU%SKi)\;el;n}ini‘ﬁ 7, is an open mrcu;t)Zanlc)i t[he oth:;1 s(:;;enh(azs;h_e ;/2) i 28 hoz/t
iven.!0 The results show tha g g e aliie o T hebweth i
jgc/?rl:ﬁ Z%iz’::}; and better Pgss performance than EEP. \s/?;t);lrngo — 0), the harvested power during bfi§ksgatter Pbackf
AplthOUgh i AR solutior} oo pm}::; decreases but link reliability improves. Reliability in terms o
fici is ¢ ible solution to improve ink BER given by
efficiency, the UEP is a possib . lin s
fici i i i t to the
spectral efficiency without paying a higher power cos T .
e Dt

tag. The reasoning being that a powerful (low rate) FEC codes
IT1,2] <

of

' y wn good convolutional
9The rates and djf,e. values are taken from known g

codes [39]. ati
10PSK restricts Zmod to have only reactance values and ASK restricts Zod

to have only resistive values.

where the constraints of Z; and Z above traqslate l[,(,) i
1. Using the analysis in [26], Poack can be written
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Fig. 8. Goodput vs. |T'Y:2| for varying tag-reader distances d and tag power

consumption P

[Ty 2] 3

1+ (1—|Ty5))2

B = PMM' (13)

By increasing [Ty 2| the BER improves, but Bk and the
corresponding tag duty cycle Dyyele decreases.

To quantify the tradeoff between link reliability and tag duty

cycling, considering the following definition of goodput (G)

as a function of |12

G = Dcyc]c X OBSC Skl (14)

where Cgge is the capacity of a binary Symmetric channel
(BSC) with crossover probability p, (12).!' G represents the
time averaged throughput given that the tag cycles between a
sleep state and an active state. Assuming the linear power
transfer model, Fig. 8 illustrates how the goodput varies
as a function |T'2| for different distances between the tag
and reader (d), and for different tag IC power consump-
tion Pe. Symbol rate F is fixed to the maximum rate of
640KSymbols/sec, or equivalently 640 Kbps (occurs when
D)eais = 1L Cgsc = 1). The link budget model and parameters
used to calculate the goodput are identical to the mode] in [26].
The characteristics of the goodput curves can be categorized
as either modulation limited or power limited. The first three
curves'? in Fig. 8 are in the modulation limited regime.
Increasing link reliability via [T'1,2| provides only a marginal
increase in Cgsc, but the decrease in Dyyele offsets any
capacity gains. To take advantage of the improved link quality,
higher order modulation and FEC codes will be required.
The last curve!3 represents the power limited regime, because
(B 18—l is required to maximize goodput. In this case,
increasing the modulation order will ‘have little impact on
the overall goodput, because the communication link capacity
is limited more by the transmit power at the reader and not
the constellation size. Additionally, the choice of (Baa =
I The capacity of a BSC with crossover probability p is defined as Chse =
1—H(p), where H (p) is the Shannon entropy of a Bernoulli random variable
with probability p [40].

12Corrc:sponding to (d = 12m, P- = 10uW), (d = 35m, P = 1uWw),
and (d = 22m, P, = 10uW).

13Corresponding to (d = 60m, P = 1uW).
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may be optimal for the power limited case, but for the other
scenarios this value of [T'12| may result in a goodput that g
substantially degraded. This underscores the need for future
tags using adaptive modulation and coding schemes that are
aware of on-tag power harvesting efficiency.

III. RFID MIMO CHANNELS
A. Dyadic Backscatter Channel

Current passive tags are limited in range because of their
IC power requirements, but as these continue to decrease (due
to improvements in circuits and process technology), RFID
systems will revert to being uplink limited, as shown in [26].
A driver for this trend is the anticipated use of RFID-like
tags in sensor applications that wil] significantly increase the
volume of data sent to a collector node (like a reader). It is
well known that link throughput and reliability enhancements
over traditional wireless links can be achieved by adding
multiple antennas at the two ends, resulting in so-called MIMO
systems. For RFID, multiple antennas at the reader can be
readily accommodated: of late, tags operating at 5 GHz with
multiple antennas have been prototyped[41], [42].!+
The fading characteristics of 2 MIMO RFID system differs
significantly from normal wireless links operating in far field
propagation modes, and to better capture the fading behavior
of MIMO RFID channels, the dyadic backscatter channel
(DBC) was first introduced by [27]. What distinguishes the
DBC model from a standard 1/ transmit, IV receive antennas
(M,N) Rayleigh MIMO channel is that each tag antenna
behaves as a pinhole or keyhole for the downlink, i.e., all
multipath components combine at a single physical point [27);
The combined signal then re-scatters [43][(44] as if generated
from a point source, and propagates to the receive antenna.
Pinholes in traditional wide-area (4, N) MIMO systems have
also been known to occur in several specific situations as
described in [45] and [27]. To motivate the DBC model,
the standard MIMO and ‘pinhole’ MIMO channels are first
described.
The received signal y € CV for a symbol period over a
standard (Af, N) flat fading MIMO channel is given by [46]

Yy=Hx+w (15)

where H € CY*M is the MIMO channel matrix, x € CM
is the transmitted signal, and w € CN i AWGN. The
receiver has full knowledge of H through pilot signals, and the
transmitter has no knowledge of the channel state. Typically,
H is modeled as a matrix with i.i.d. complex Gaussian
entries, reflecting the fact that the numerous scattered paths be-
tween any transmit-receiver antennas pair are non-overlapping,
resulting in independent Gaussian fading. However in the
pinhole MIMO channel, there exists two sets of paths traveling
to and from each pinhole, hence the channel matrix for L
independent pinholes is modeled as a sum of dyadic (outer)
products [45]

L
9 t T -
Y=Y gh™hoTy ol ORI (i6)
=1
HMultiplc antennas on tags operating at low

: er frequencies, such as the
unlicensed 900 MHz band, are impractical today.
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DBC is a relatively new channel model - specifically the

—TX Fade : - spec ‘ .
fading statistics are different from the standard i.i.d Rayleigh
o

---RX Fade
Q

Tag \/ MIMO channels - and has not repcich much u[%c-n‘l‘lt)m l-ro‘m][a
V/ V/Ant 1 theoretical perspective. This section will presents u,u,nl.lesu. S
s N H e from [30] on the pairwise error prob.abilily (PE{’) and d)lg/;gl(l:);
L \\ ks order achievedby orthogonal space time block codes (€

: et over DBC. R
: : \,\’\ : [47’11‘;16[43(]152 DBC model in (16) represents the sy:s‘lem][(.n 12
1o single time instant, and needs to be exlcndeq ()vuvmu) 15[
Y/ \/ /I \/ éynﬁbol periods to allow for space-time analysis. Assij/l%ll d)
sl s il e the reader transmits a CW with C(.]‘Lf‘fll );l)owu})](’—li;/e ins[arf\[;

s across M transmit antennas successively over IS

Ant L

Then the (M, L, N) DBC model can be for A" instants can

(M, L, N) DBC, where the signal observed at each receive  he written as (for details, see (30])
The il s sig

s : -z 3 s Bach:tag: a be- : 17)

. 4 tr and H"* channels. Each tag antenna e (
is CasCi f the H** an : it

o 5 "']sl:odl?‘iie:lc;ucring the incident CW from the reader. Reproduced /SNR

haves as a p1 , Ie:-S Y H™D W

from [30].

where S¢ € CL*K represents a speciti‘c lran:s‘mittle’d sparCtZ
time block codeword (indexed by (Q o(ll duratvlon ‘.\ u(l)cwzime
tag antennas. Clearly, each column of S mf)pz;t(é Szcnfo i3
instance of Q. The diagonal elemepls ot‘ g
distributed as i.i.d. CN(0,1); H™ 1s.dc(1ncd as) e;(dl S =
N x K matrix Y is the signal rgcewcd by the 1.L‘L1Ae\;vGN
receive antennas over the IX tim.e instants and ,V\l’.lslhe DBC;
Under the CW transmit assum;)uon, (lb7) sil)(;v\::(}j: T
i atistic invariant to the number
;Sntztldl:;bsm}\a}l,yi.:.wlhe (1,L,N) chunpcl is c%]uivalcnl to the
(M, L, N) channel even with space-time cod'm‘g.dA hdn

Let S* be an orthogonal space llfnc bl(.)cI\ c‘o cb L
codeword that draws from an m.iormatlon sym ‘odv[49]
c® € CK . The best known OSTBC is the Alamouti (.0‘ Zenolé
whose codeword (rows denote antennas and columns

time) is given by
=1} —c*
ety
Coben Gy

The OSTBC scheme transforms the MIMO channel (.I.S)C;ntzo
an equivalent set of SISO AWGN channels pargmelcuzec b
| H || [48], so the equivalent OSTBC channel for the DBC is

y' = VSNR|H"™*D*™ (19)

where y’ € CK is the decoded OSTBC signu‘l at the u,ader
and w’ is AWGN. Using (19), an upper bound for glg. (p(;mwtls:ai
ili sodewords S“ and enote
-ror probability between the codewor § :
;‘;‘;(gi‘)—% Sb)y) can be found using the Chernoff bound, and

: rx =
here [nt*y, ..., ht* ] = H™ € CM*E, [y, ... ™ >
- NxL T = q € Ck, and diag{q} =
it At } he channel
Q< CL*L The matrices H** and H" represent t eic ;
between the reader transmit antennas and each plnhol.t:,‘d:ts
from the pinhole to the reader receive antennas. lecpleslcned
i i s ¢; determi
in at each pinhole with elements g¢; (
the complex gain at eac . (gt
ic ir ent that is assumed to re <
by the physical environm , b e
F}Lllrthcrmore, the channel to and from the tag pmho.lesHDc
assumed flat and independent, whereby each element in
t are i.i.d CAV(0,1). '
and H** are 1.1. 3 o T g :
Consider a RFID system consisting of a multi amennj
reader with M transmit antennas and NN receive untennas,;no
a RFID tag with L antennas as in Figure 9. The correspon 12;
(M, L NS: DBC model has the form of (16) [27] btlllt w1l
: i or the pi annel,
the 7fol’10wing key ditterence: for the tho!e h/fiM(I)-Ifx;x .
the receiver uses the noisy observation of H™Q s
i ional x. For the RFID scenario,
estimate the unknown signa A i
signal x is a known CW generated by the mdder,f tge Slﬁ?dh
. is i clements 0 whic
1 reader nstead the elements ¢ S
of interest at the reader is i ! it
are determined by the tag’s impedance loadtm«% as dlscyssed
in Sec. II. Hence, the receiver uses H""Q.H.x x to estlma::
the the unknown signal Q with the transmit signal x known
s of ag’s antenna
priori.'> By modulating different values of Q, the tag’s a
spatic sontrol the backscatter.
array can spatially contro i
Ir? addition to defining the DBC model, [27] dn‘g)(/:“%::ii
BER of uncoded BPSK (e.g. Q.: .i-:) ()}\':"::i:h?ngeasi.nq ot
i interesting insights. First, gt
results provided two in g in: . eI
 tag as (L) while keeping reade
number of tag antennas ( . :
antennas N = 1 provides SNR gain (upto 8 dB) but nl(
diversity order gain. Second, diversity order gain occmsllon[z;
O ot o - u S
increasi and N. Comparing these res
by increasing both L an Sompanne,, ;
tlile (M,N) cRayleigh channel, it is interesting to note Fhat
1 0Q 1 Q AP - -1)
increasi7nu the number of transmit antennas wthout spdcel ug <;
codes ha: no impact on BER for the Rayleigh channel, bu
for the DBC there exists coding gains.

(18)

!/
FC“+W~,

i below. : I
3 ;}l?:)(li'em 1: [30] Assume a (]\[:L.‘N) dya(.hg“'b'uﬁkg;a:ﬁi
channel with constant CW transmit is‘lgnal ac1lossha) ]
tennas and full channel state information (CSI) alt: e re :
For an OSTBC, the PEP can be bounded above by

p(S® = 8% <

L
LN 4
el —4L—> r (1 e —) (20)
2 (SNR) ) <SNR SNR

For the diversity order defined as
log p(S* — Sb).
log SNR '

B. Space-Time Coding in the DBC ' ‘h
As is well-known, space-time coding provides an approac

2n
to additional reliability and capacity of wireless systems. The

d= lim

SNR—o0

& o} sume (& g signal C I ter to the
a from the transmit
We assur that any d}\ch of the gnal X

OSTBCs can achieve d = L.

receiver can be canceled.




778

SER of OSTBC with QPSK

v Analytical
# _Monte Carlo
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20
E/N, (dB)
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Slope of ~log PEP

30 40 50 60
E, /N, (dB)

Fig. 11. Slope of — log PEP for OSTBC with QPSK modulation, i.e. diversity
order. The analytical upper bound (20) is used. Reproduced from [30].

Similar to the result for the (M,N) MIMO Rayleigh
channel [50], the DBC PEP has an SNR term raised to the
negative exponent. Unlike the Rayleigh channel case, however,
the DBC bound has a multiplicative component - the upper
incomplete T' function 6, thar i increasing in SNR. So as
SNR™EN o, T(1_N SNR) = 00, i, the T' term
partially offsets the rate of decrease due to the SNR exponent.

Comparing to the diversity result for the (M,N) Rayleigh,
where the maximum diversity is d = MN [50], the DBC
diversity order cannot increased beyond I, for any space-
time code. So receive antenna diversity at the reader is not
beneficial in RFID MIMO over DBC, Le., adding additional
antennas at the reader has no impact on the asymptotic PEP.
Consequently, reliability is best improved by adding antennas
to the RFID tag rather than to the reader. Intuitively the
diversity order of I makes sense, because there exists only
L sets of independent fading paths between the tag and
reader, whereas the Rayleigh channel has independent paths
between each antenna. To further support this, expanding the

matrix norm in the OSTBC channel mode] (19) illustrates

“T(s,z) = [ t~1etat,
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TABLE II
PERFORMANCE EVALUATION OF OSTBC FOR THE MIMO Dyabpic
BACKSCATTER CHANNEI., REPRODUCED FROM [30]

Coding Gain
Channel (SER = 10——5)

0dB

Diversity Order
Diversity Order Threshold

4 SRR s

that it depends on only 7, independent terms: [H™>*D™||2 =
L tx |2 N rT|2. 5 2

PRt ho) o DUl HIE|2 2 the corresponding norm for the
Rayleigh channel consists of MN independent terms. While
diversity is an asymptotic (in SNR) metric; simulations show
that increasing N does improve system performance at realistic
SNR. Figure 10 plots the analytical bound (20) for QPSK
modulated OSTBCs, and the corresponding SER Monte Carlo
simulations. The analytical bound corresponds to a pair of
QPSK symbols that are nearest neighbors. Figure |1 plots
the slope of the analytically derived —log(PEP) vs E, /N,
(energy per information symbol). Table II summarize these
performance metrics: coding gain and threshold SNR that
achieves 90% of diversity order. Effectively for OSTBC over
the DBC, receive antennas N only provides coding gains,
while tag antennas I, provides additional diversity.

We note that the diversity results described in this section
were independently presented in [51]. Additionally, they find
the exact error curves for the DBC and show that the diversity
order of uncoded MIMO over the DBC is d = min(L, N). The
latter explains the observation in [27] regarding uncoded BER
performance; increasing L and N results in diversity order
gains, but increasing only L or N does not improve diversity.
The next section - on the diversity—multiplexing tradeoff for
the DBC - wil] explain this difference in diversity between
the uncoded and OSTBC coded case and explore the benefit
of increasing NV at the reader.

IV. DIVERSITY MULTIPLEXING TRADEOFF FOR DyADIC
BACKSCATTER CHANNEL
A. Background

Unlike the AWGN channel, the wireless fading channel
cannot meet arbitrarily low probabilities of error by increasing
a code’s block length. As such, the ability of any MIMO
coding scheme to simultaneously achieve a desired code rate
(multiplexing gain) and reliable communications (high diver-
sity order) in a fading channel is bounded by the Diversity-
Multiplexing Tradeoff (DMT) [31]. The characterization of the
DMT curve is determined by the channel’s fading Statistics, so
it is necessary to recalculate the DMT for new channe] fading
models. While the DMT for the (M, N) Rayleigh fading
channel is fully characterized [31], the corresponding resylt
for the (M,L,N) dyadic backscatter channe] is presently
unknown, to the best of our knowledge. Using the original
problem formulation of the Rayleigh DMT, and results ysed

backscatter channel.

ERGY, AND MIMO ANALYSIS
AND RFID: CODING, ENERG
; SCATTER COMMUNICATION
R and ROY: BACK
BOYE

Recalling (15), the canonical (M, N) MIMO Gaussian
channel is defined by

y = VSNRHx + w,

here w ~ CN(0,1) and Tr{E[xx'|} = 1 and [hé‘t.a‘,ji
o channel matrix H elements follow a suitable stanstlc-a
lr;iracterization. With channel information only at ;h;{ 1613;
. ity f i hannel instance o

i the capacity for a single ¢ :
1cm-v g(re’t(l + SlEI)R HHY). For short range backscatter systeg:s
i it i able

" i the tag, it 1s reason

ith a small number of antennas on :
;‘wrtthe receiver to acquire channel state through pilot symbols.
OIn the sequel, we assume the sender has no channel s(;ate
knowledge and the receiver has full channel statle? (kSnlSvRv;e agnt;.

i codeword with rate R

The sender transmits a co A
i ility of error p.(SNR). At hig f

curs average probability o ) | A
i;e performance is quantified by two metrics, multiplexing
gain (r) and diversity order (d) [31]

R(SNR) s, . pe(SNR) i)
SNRoc log SNR SNR—roo log SNR

The optimal tradeoff is defined as d*(r) = sup d(v’g, tl::
supremum of the diversity order over all possible sc err:j
achieving a multiplexing gain of 7, [31]. In ot‘her wodrins,
for a system with R(SNR)=rlog SNR, the c91resp(33*(r)g
probability of error is no better than pe(SNR?:SNR o ;
The notation = denotes exponential equality, f(z)=g(z)

e log g(x
log f(z) _ |, logg(®)
log z—oo  logx
So for high SNR SNR™4 (" is an effective first order

o for ;

approximation for p.(SNR)."” Qitya gl
Following the steps first taken by [31], th.e multip ex hggf 5
is bounded by the ergodic channel capacity [53] of the fa

fading MIMO channel
C(SNR) = Ex [log det(I + SNR HH')] .

(22)

(23)

lim 24)
it A

(25)

At high SNR, the ergodic capacity can be approxi.mateg
by C(SNR) = min(M,N) logSNR, .and hence 1d e
min(M, N). To achieve the ergodic capacity, a Cf(,)'diworay 2
’ | instances, which m
be averaged over many channe
occur in [%ractice with coherent narrowband syst.ems. In a.slgrv
fading channel, the transmitted codeword experiences a‘ jm?tﬁ
channel realization, thus the probability that a codeword wi
rate 7 log SNR is in outage is given by
= ' NR HH') < rlog SNR) .

Pou(SNR) = p (log det(I + S ) 2
Corresponding to the diversity order, the outage probability
exponent is defined by

log pout(SNR)

= _dou[("').
log SNR

11m
SNR— 00

For a fixed multiplexing gain 7, the relationship between the

outage exponent and the diversity order is described next.

. s I+ SNRHHY) has
As discussed in [31] [52], suppose det( ]+: . If this pdf

a pdf p(c) defined by a vector [ai, s, ...
has a high SNR approximation

p(a)=SNR ™), (28

17The operators < and > are defined similarly.

27
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then pou (SNR) can be approximated by the integral

SNR bl / SNR™“*da (29)
O(a,r) :

over the outage set O(a, ) such that log det(l—'—‘SNRElIHIa)ri

rlog SNR for a single instance of H. For sufficiently larg

SNR, dou(r) can be approximated

dowt(r) = Oi(lgfr) ().
via Laplace’s method [54], as used by E3l] [52]. This v:;)rk
assumes that the solution to (30) solves for the corresponding

for the DBC.
dmil(gt)e that the outage probability serves as a lower b;lgld
to the average probability of error, i.e., }iou[(StII\IIRg %}ﬁ(SB 10c)1;
{ i i k lengt 31].
- a codeword with an arbitrary bl(‘)c : ‘
ll::)rllgathCK is defined as the number of symbols perlloldsgleqmreg
i i d, for example, the Alamou
to transmit a space-time codeword, :
c(;de described by (18) has K = 2. For SI(Jfgimently large K,
: — ()
SNR)=p.(SNR), hence, dou(r) : V

pou"i“(he re)m:i);der of this section are org‘an}zed.as follows.
Sec. IV-B calculates the DMT tradeoff function dou(T).
Sec' IV-C derives the block length requ‘irements ior c%out}(:) 5
d*(v.’) and states the optimal tradeoff curve d (m)t Il:/ g
the primary novel contribution of this mangscrlpt. Sec. ’-h
discusses how the DMT (an asymptotic metric) correlates wit
performance in the finite SNR regime.

(30)

B. Evaluation of dyu(T) '
The signal model for the (M, L, N) DBC is

y = VSNRH™D"™x + w,

: i in (17). Note that x is the
here H™*D*®* is defined as in ( . .
:i/gsgl backscattered by the RFID tags. Evaluatmg thIe_I fgiaz;ltil
multiplexing gain r is straight forward. The mgt.rlx s
has rank equal to min(L, N) with high probability, so in
high SNR limit the channel capacity [31]

T Xt
C(SNR) = E [logdet(I + SNR D*H™H™*D%)]
min(L,N)
~ min(L, N) log SNR + Z E[log \i
i=1

=min(L, N') log SNR (31)

he non-negative ordered eigen-
N thfe];\é"TZI-I)\r%‘TZH.‘”.".[;I'E’C‘.tConsequer%tly, the multiple)fi.ng
‘ Zzli?le:agsﬁes 0 <7 <min(L, N) Since the outageﬁ probabllilctiz
d n the_statistics of a random matrix, we first proy
gerf):cl;(lssa(;y definition and lemma relating to rariioc-r? ér;a::/ll;::rsé
Definition 2: Define the m X m matrix W = iy
the columns of G € C™*" are i.i.d. CNV(0, X) veg ors.
W follows the Wishart distribution Wy, (n, 3) [52]). gt
Lemma 3: [55] [52] Suppose W ~ Wm(n,. i o
Sy e h > Vgh k() %as the non-negatw;, ir e
eige;vah;es of W where ¢ = r.nin(m,n). [;egneFO; o >2n;
... > by > 0 as the ordered elgen.values o tW ¥ ;g_iven
the j:)int pdf p(a) of the ordered eigenvalues o

by i 1 _n—m - a; _—aj
) Ky nDet |:e"aj/b‘i.i| ; H b:n a; H B = b;

Y =1 i<j

(32)
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and p(a) for m > y,

m n
il
I ,nDet(E) H s H(“’ — a;) (33)
i<j J i<y
with =
1 bl b;n—n—l bl prm—n—1
Sl Sp(an 757)
Ie b'm pm—n—1 b bm»—'nf]
7 —
n exp(ai/b,,) exp(a,, /b))

Jre ks ; R,
[h‘;,[l[,;wd?i Jt”(lj,‘” 3'1; normalizing (positive) constants Observe
nt distribution of 24 31
Aot ution of a depends only on the eigenvalues
Following the analysis
sis S 24
of the DBC is SIS tised by [31], the outage probability

p(log det(I + SNR DthH”‘TH”‘Dtx) <rlogSNR). (34
o : ‘ )
Using well-known results for the matrix determinant -

det(I + SNR D>*TH"*tHr=ptx) _
min(L,N)

IT (+sNry,

i=1
;vhe;;lA.i is de.ﬁned as before. Using the method described
[hye (;u[],o the elgep\_/alu?s of the channel matrix related to
o age probability for a given spatial multiplexing gain
o ae Ci = —log\;/log SNR, so that A= SNR‘?"' an(i
1..* 2 < .... Each product term in the determinant can be
¥uttcn 45 I+ X SNR=SNR 1 =2)" oo o (@) =g i
he outage probability in the high SNR rleo' A 'naX(U“E?.
ot g gime is approxi-

(35)

min(L,N)
I sNRO-e)* _ gngr

=1

pout(SNR) ~p lag
36)

Defi = LY.
thz sr::;:** {f?[ DB e ot Lo = @gpss . as
s al t at/\cause an outage and p(a) as the iHOiTl[ pdf of
genvalues A; under the change of vari 3
outage probability is given by the ;:nteora\l/arlableb s
o
Pout(SNR) :/ p(a)da. (37)
G :
Evaluati i
Cavuasl:atltingd.the.ab(.)ve integral in closed form is difficult be
5 DMTe flS}t]I’lbu[]On p(e) is unknown. Similar to the work
s .Oi:t dl e .dou_ble scattering channel [52], it is easier to
£ C]OSJed fon;slrlblcllnor; p(a, B3), whose pdf can be expressed
] ,.an solve for (37) over both o : i
aV(l):lds the explicit calculation of (). et
z :orD?XTf;;fST Dtx“ and random H™*T (he columns of
et 0L are iid Qaussian vectors with the correlation
s FEy thereiore GG, for fixed Dtx generates ¢
s ’zu; llgatlilx‘(detn. 2) with distribution WL(N, ]‘:D”‘Dt"lf)d
: P(A ) follows the distribution of the eigenval ¥
Wishart matrix given by lemma 3 E i
Define the ordered eigenvalues of Dt*pDtxt
Bt o S e SOt B i
p(alB) ~ Wi(N,D™D*!) under e
st V, ) under the proper change of
- Lombining the known results on the distribution

as pp >
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of : 03
dlsﬁ(lgu’[ﬁ) [ézJ and deriving the distribution of p(B), the joi
Bill es ‘l;)xn [)(QHB) can be expressed in closed form USinn([
yes rule, the outage probability (37) is equivale e
as [52] Juivalently writtep

Poa(SNR) = | p(ax, )dpa
; ANB
where B = i
it imecml{?nl [ghe. .h.ighﬁgﬁl.{(m) will be used to approximate
g gh ¢ regime. Ne 1
s p(a,ﬁ)£SNbR‘€(°‘ﬂ) gime. Next we find ¢(a, 8)
Since D*™*Dtxf jg dj it
: § diagonal matrix, the eiceny.
: ‘ ; venvalues b
clshe dldg(?nal elements. Bach element D?‘-L'D?'”* follos\zqutuhll
- 7 20 . . ¢ L l‘
)‘(p()nenu.al distribution with parameter | [and“are iid :
ordered eigenvalue distribution is i

L
p(p) = L exp [~ Z’“J :
i=1

and under a change of vari
g variables, the hio Sike e a el
to the pdf in terms of B is e S i

(38)

(39)

P(B)=SNR~ Zi=: B: i

for all non-negative. j i
Sl Crwis
e g Pi 2 0, otherwise p(B) =i 0
d (B N e
Lemma 4: For N > ], JOI ‘
: 5 2> L, the joint distribut
the high SNR approximation i i AL

p(a, B)iSNRZ!':I ~(L=N)Bi=(N=L+1)a,

.SNRZX, —(L»i)(a,—ﬁ;)gNRZ-/; i —(i—p;)*
" ¢ i< LRy 41
1ta,->ﬁ,1-a>0ﬁ>0 i
= ) ZRE Ny == - other !

i otherwise p(a, B) decays to zero

3 Proof: See Appendix A.
lem;:'u:4 $4l) decays exponentially if the constraints i:
i [c;l are no'l met, that range of values can be excluded
e .c f)l{tage Integrand (38) without aftectine its high SNR
p,pl()XImatlon [31][52]; this reduces the sets ;l S
B sy ZL 1 I sets A and to B to
sl (Blvi 2 01) ST <ot = 2 ar} and
£ il t, Bi <.y, /?1 S ... < B, Bi > 0}, respectivel

g (41), we may write Plei8)=SNR" %2 wibate s
s
il
€(a, B) = 1— )
(o, B) Z(L NBit(N+1-i)ai+ Y (ai=B;)*, 42)
=1 7
i<j

Usinge
SNRSi?Ii.I(S'?O) ltlhe outage probability (38) is evaluated by
i """, where the exponent dou () is obtained as
result of the following optimization B

dowe (1) = i
() O(clj}g‘,_)e(a,ﬁ) 43)

and O(a, B,71) = 4’

S mc(,.e.7 @, /) = A"NB’. Observe that (e, B) is decreasine

S flse l.n.[j,'-, and recall that Bi < ay. So for a o
% ) Is mllmmxzed by choosing 8; = @, Rewriti A

optimization in terms of only a yields 50

L
dou{("') = inf Z Q;
= i=1

S ‘)\ . A
ubject to: E (i s i 7

i=1

(44)

BOYER an

ini scur T S
The mmllﬂum ()L(.LUIS WhC.n zi:l(l — (1,-) = 1, Or equiva-
Jently el Zi:l a; given 0 < o < 1. The corresponding
outage exponent 18

dont\(T)i= L7 (45)

d(;u/(") -L>N Case:
We employ the same strategy as the N = L case to find

d ul("‘)'
OLgmma 5: For L > N, the joint distribution p(c,3) has
the high SNR approximation

plar, B)=SNR ™ Zi=t' (L= N=D3iSNR - Tisa BigNR™ Tt
| SNR™ T sa(L-DB GNRE < i SNR™ Zi<i
.SNR™ Zf\g,/(avi—ﬂi)*SNR‘ SHY IS LR (o g (46)
B <i<N,o;2>206;,a>0,8>0- otherwise p(a, B)
decays to zero exponentially.
Proof: See Appendix B. ]
Since (46) decays exponentially if the constraints in
lemma 5 are not met, that range of values can be excluded
from the outage integrand (38) without affecting its high
SNR approximation - reducing the sets A and to B to
g — {alZiL:l(l P 0 e S s e iand
B — {BV1<i<N,Bi<o L <...<Pr, i 2 0}.
As before, the terms in the exponent of (46) in lemma 5
can be expressed as the function
N+1

N
e, B) = (N —i+Dai+ ) (i-
1=l =1

T
N)B; + Z Bi

i=N+2

N B A7
+ 3 (@i = By)T + DD G R C)

i<j i=1 j=N+1
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Substituting B’ = an1lp_n back into the original equation

results in

N
e(a,Bry .- BN) =D (N —i+1)ai +(L— Nan+

i=1

i

N
(i— N)Bi+ D _(ai =BT (50)

i<

-

Il
e

Asin N > L case, € is decreasing in increasing 3;. Therefore,
choose o; = Bi, Y0 < i < N. The reduced minimization

problem in terms of only a is now

N—-1
dou(r) =inf > & + (L — N +1l)ay
i=1
N
Subject to: Z(l — a,-)+ <0< oy <s i< one (O1)
i=1

In the objective, the term with the largest coefticient (an)
should be minimized first before reducing the remaining terms.
To satisty the ordering constraints of a; while minimizing
ay, it is necessary to set o; = anVi € [1, N — 1]. Setting
Vi a; = a, a dummy variable where 0 < a, the objective
is minimized when the constraints are met with equality i.e.
N(1 — a)t = r. The corresponding solution is

dow(r) = L(1 = 7/N). (52)

C. DBC DMT
Codeword Length Considerations:

The dou () serves as an upper bound to the optimal tradeoft

d* (r). To show that doy (r) = d* (") for certain cases, we apply

the union bound method used by [31] in the Rayleigh DMT
calculation. The error event can be expressed as the union of

two exclusive events

dou () is given by the solution to the optimization problem
(43) over the outage set O(a, B,7) = A’ N B'. To solve this
optimization problem, first, find the 3 that minimizes €(c, B)
for any fixed c, and finally, solve for the optimal .

The components of e(c,3) that depend on B

[ﬂN—'}-lv R0 /BL}T are
L N L
Mo Bi+d, Y, (e BT (48)
i=N+1 i=1 j=N+1

For any a, it will be shown that B’ = anlp— N minimizes
the above.'® Suppose B < ay, then the contribution of the
B terms to (48) is

N

Br + Z(a; R
=1

otherwise for B > ay, the above reduces to Br. To minimize
the above it is necessary that Z;\Sl(ai —B1)t =0, and due
to the ordering of a;, B = ay is the minimization solution.
The same logic can be recursively applied to Br—1, ... , BN+1
to show that B’ = ay1,_y is sufficient to minimize (48).

(49)

187 v represents an all 1 column vector with dimension N.

pe = plerror|outage)pou + p(error and no outage), (53)

Since the goal is o prove pe<Pouts consider the following

upper bound
pe < pou + plerror and no outage). (54)
An error occurs from either the channel being in outage or the
additive noise causes an error despite the channel not being in
outage. The latter can be driven to an arbitrarily small value
by extending a code’s block length towards infinity, however,
for a finite block length, p(error, no outage) may dominate
the outage probability pou
Since an outage event does not occur, i.e. log det(I +
SNRHHT) > r log SNR, the multiplexing gain is constrained
by 7 > >,(1 — a;)T. Define the no outage set as =
{a] Z[L:I(l St i QoS et Qumin(L.N) }» Similar
to the definition of .A’. Using the joint distribution of pla, B),
the p(error and no outage) is bounded by [31]

p(error and no outage) <
/ SNR-@ASNR—FZ1-e)"—rlqgda (55)
A/IOB/




As in [31]; this integral is evaluated using (30), by finding
the «, B that minimize the exponent given that the channel
state is such that the system is not in outage, i.e.

ddﬂ=mfdmﬁ%+KQ]1—%ﬁ~ﬂ

k3
Subject to: a; 20 0< ar <ag <.y
min(L,N)

0<Bi<B<...; (I—a)t >

(56)
i=1

As before, this optimization can be wr

@ by finding the optimal 3 terms first.

Case N > L, the minimization

itten in terms of only

L

I :
iana«i + K[Z(l —ag)t —r]

i=1 de=1

subject to the constraints. in (56). If K > 1, then the minimum

(57)

i.e. the same solution as the outage exponent (45).
Case L > N, we have

NZT N
inf > "oy + (L= N+ Day + K[ (1—a)*t =] (58)
i=1 i=1
subject to the constraints n.
L N
minimum occurs when y_:'
the same solution as

(56). If K > [L/N7, then the
(1 —a)* ~ 7 =0, which gives
the outage exponent (52).

Returning to the upper bound on error probability (54 it
can be seen that if the code block length K" meets the above

constraints, then' the upper- and lower” bounds are tight, per
below:

Pe (7')_<SNR—d"”‘(T) 4 SNR (7}
=SNR ~ ()

since doy(r) = dy(r). Hence, the
upper and lower bounded by dout(r), which proves d*(ry =
dout(). Our desired result is summarized in the following
theorem 6. Note that the code length constraint must be met
for d*(r) = oy (7).

Main Result and Discussion:
Theorem 6: For a (M, L, N ) dyadic backscatter channel
with code length K, the optimal DMT curve d*(r) is given
by the linear function

e N>Land K >1

(59)

i

remain bounded by L. This is in cle

a(r)=L—r, 0<r<L (60)
e N<Land K > [L/N7]
— RSV
M) =L-7/N), 0<r<N (61 .

Proof: The diversity order exponent
for both cases, in Sec IV-B at
posed by (59) establishes the
that doy(r) = d*(r).

Fig. 12 illustrates the tradeoff for the two cases; and ‘as
comparison, it plots the Rayleigh DMT for a system with the
Same. antenna configuration. Effectively, the DBC DMT is a
linear: function connecting the points L and min{N, L
the d(r) and 7 axises. For comparison, the (

dout(7) is derived,
(45) and (52). The argument
block length restrictions such

w

o¢

)-on

only over space (antennas) is

d*(r). These results agree with prior work [51] that reports a
probability of error can be  MaXimum diversity of min(

L>Na (ML N
than a (M, N, N)

fading channel, where increasing

versity order gains (up to LN) for small values of 7. While
the DBC can offer the same rang

the Rayleigh channel, the DBC |

complexity/cost.

occur- commonly in- practice. Diie to
B RFID tag,

and the code length constraint remains small for an
(M, N)

M+ N
L, N) Rayleigh - may not

LN

—— Rayleigh DMT
——DBC DMT

Diversity Order d*(r)

Increase b

1 min(L,N)
Multiplexing Gain r

Fig. 12. (M, L, N) DBC and (

plexing Tradeoff - the curves are plotted for L = 5 N = 3,

occurs when Zf=1(1—01i)+-7‘ = 0. Therefore dy(r) = L—r, - : ]

channel DMT is characterized by the piece-wise linear func-
tion with the corner points as d*(r) = (L = r)(N - ) for
see theorem 2 of [31]. The results reveals

integer values of r;

some interesting new characteristics - while the PEP bounds
and diversity order results in Sec IIT suggest that an increase
in receive antennas N has no asymptotic benefits; the DMT
proves this is not the case. First for N < L, increasing N
has multiple effects. It improves the maximum multiplexing
gain while increasing the reliability d*(r) for 0 < r < N. So
while the diversity for 7 = ( remains unchanged, it improves
for all other 7 Additionally, increasing N reduces the length
of the space-time code required to achieve the optimal DMT.
This explains why diversity gains are feasible in the DBC
without any space-time codes, because for N > L, coding

sufficient to achieve the optimal

N, L) for space only codes - for
) system cannot have worse performance
system,

Increasing NV beyond L appears to onl

y have a minor impact
n'system performance: diversity or

spatial multiplexing gains
ar contrast to the Rayleigh
N provides substantial di-

¢ of multiplexing gains as
acks capability to offer the

same level of reliability. Essentially, the DBC is more likely to
encounter deeper fades than its Rayleigh counterpart. These
DMT results suggest that a system with [, = N will strike

balance in performance (diversity - and multiplexing) ‘and

Lastly, the case for which ¢* (r)

is not solved foris I ~ N
ith K '< [L/N]

- we highlight this as a case that will not

Space constraints on- a
it is unlikely for L > N to occur in most situations,

y practical
haracteristic is different than
Rayleigh case, where the code length increases as
~= 1 [31]. So deriving the remaining case for d*(r)
offer much practical guidarice in choosing L and N,

currence. of- L > N. This ¢
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L, N) Rayleigh Channel Diversity Multi-

T T T
d=03_»
R=13b/s .

Outage. Probability

d=2.3
R=43b/s

—8—=0.5, d (0.5)=3
—-—t, o d(t)=2
—— i 5, d (1.5)=1

- 0 15 20 25
SNR (dB)

; i r the (M, 4, 2) DBC. The slope of

i . Monte carlo evaluation of (63) fc?x { ¢'sl
}::g.dﬁijersity curve and 7 log(1 + gSNR) is evaluaFed at l7.1d!3 f((in dltffgrel;nt
:niiﬁplexing gains: r, and the corresponding optimal DMT is denoted by

d*(r).

/ D. DBC DMT - Finite SNR Regime

While the DMT is originally defined as an ?symptotlc
metric, it is still useful to quanti.fy the be%xaylor of thc;
multiplexing and diversity order gains at realzst.zc' valueﬁvI (E)
SNR. Existing work [56] on the Rayleigh and Rician M
fading channels derive a practical lower b(?und tc? th% outa;g(e1
probability with- respect to the multiplexing gain. .0(;1'p‘e
with simulations to verity the bound, these result? in 1cat§
a significant gap between the asymptotlc 'DMT curve ar;1
what can be achieved in practice. ThlS. section builds on the
results of [56] and formulates the ﬁmte‘ SNR'DMT for the
DBC and provides results derived from sunul?ltlons,'how?\;ir,
developing a closed form to the lower bound is outside of the

this manuscript. ‘
SC?lefeorflultiplexing ga?n and diversity order have the follow-
ing corresponding metrics in finite SNR:

R(SNR) _ 9108 pou(SNR)
r= m dlog SNR

. (62)

d(r,SNR) =

2
For small SNR, det log(I+SNRHH') ~ log(1 +SNR|[HZHFE
so a fair value to choose for the array gain is g = E[|H]7] =
LN [56]. The outage probability is redefined slightly,

p(detlog(I + SNRHH') < rlog(1 + gSNR)),  (63)

in order to account for the new definition of multiplefxing gain.
Monte Carlo evaluations of (63) over a range Qt SNR an‘d
for ‘various' 7 represent the main new ‘c'ontr‘lbutlons of thols
section. Fig. 13 plots the outage probab'lllt.y for the (M 4,' dt)l
DBC for various multiplexing gains r. Similar ?o the.Raylelg !
case [56], only a fraction of the diversity order is achlevable1 a

reasonable SNR, and the diversity order Worsens as th? rpu t‘1~
plexing gain is increased. So to achieve hlgl? sp.ectral 'Tlfﬁ.uen.cz
with high reliability, backscatter cqmmunlcatlf)n Wlh 1equ1ge
significant time or frequency diversity; both of whic 1mai ¢
a challenge for narrow band backscatter systerps. Lastly, tl es

results confirm the conclusion of the asymptotlc DMl.“ arlllg ystls
- that DBC is primarily limited by 'reliat.nllty (‘vulnelabl ity to
fading) rather than code rate (multiplexing gain).
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YER an .

V. CONCLUSION

Despite - being demonstrated for over 35 years [SZ)],
backscatter communication has been relatlvely. overloolfed_ y
the communication theory community. The primary object}ve
of "this paper was. to emphasize the  relevance: of paslswe
backscatter as an emerging area for a new class (.)f ow-
power. wireless. sensor networks. Il.l part}cular, we hlghllght
the coupling of coding and modulation ‘w1th power ha;\:fst?ng
for passive backscatter, that presents unique 1.resu.lts a; ddfe:lgri
insights vis-a-vis traditional active communication. di 1t?n
ally, the physical principle behind backscatter communication
induces a new channel fading model - the andlc bagkscaFter
channel. We used this channel model to'dgrlve new d1vers:;y-
multiplexing tradeoffs, that are again distinct from those for
the well-known Rayleigh fading MIMO channels.

APPENDIX A
PROOF OF-LEMMA 4

Following [31][52], recall that p(a|,8? follows theLW1sh§rt
eigenvalue distribution defined by (22) for the N > ~fiim3[\ ;r
the change of variables a; = SNR" “and b; = SNR™"*. The
RHS product term in (32) approximates to

L

[1

i<j

(SNR™% — SNR™ %)

- =SNR™ iy (80
(SNR™7: — SNR™#/)

(64)

due to the identity SNR™** — SNR ™%/ i—SNR—a‘i for a; <30£j
[52]. Due to lemma | in [52], the déterminant term in (32)
approximates to

L

exp {— Z SNR (=R

i=1

SNR™Zi (@B (65)

~(a;—Bi)
for a; > f3;, Vi; otherwise Det[exp(—SNR (o - V= g
exponerﬁially in SNR. Combining-all the terms in (32) an
p(B) in (40) gives the form stated in the lemma.

APPENDIX B
PROOF OF LEMMA 5

Following [31][52], recall that p(a|3) f(?llows the WISha[r,t
‘eigenvalue distribution defined by (33) for t_h(i N d<b L
Performing a change of variables a; = S.NR cand b; =
SNR™?, the RHS product terms are approximated in the samhe
fashion as the N> L case.. Applying lemma 2 in [52], the
determinant term is approximated. as

SNR- Zf‘;j(ai‘,@jﬁ

N
—oi+Bi
Det[E]=exp | — ) | SNR™*

i=1

SNR™ Zﬁjl(L—N—l)B;SNR— S (L=1)B

.SNR~ PINED D ARTC A D (66)

if oy > B;¥1l < i < N, otherwise the determinant ter@
i : T T L -

decré:as;s exponentially in SNR. Comblmng' all thflz te:rrlr;s in

(33) and p(B) in (40) gives the form stated in the lemma.
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