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ABSTRACT

Backscatter communication (BSC) is emerging as the core technol-
ogy for pervasive sustainable internet-of-things applications. How-
ever, owing to the resource-limitations of passive tags, this work tar-
gets at maximizing the achievable sum-backscattered-throughput by
jointly optimizing the transceiver (TRX) design at the full-duplex
multiantenna reader and backscattering coefficients (BC) at the sin-
gle antenna tags. Despite this joint optimization problem being non-
convex, we present low-complexity joint TRX-BC designs by ex-
ploring the asymptotically-optimal solutions in low and high signal-
to-noise-ratio regimes. We discourse that with precoder and detector
designs at the reader respectively targeting downlink energy beam-
forming and uplink Wiener filtering operations, the BC optimization
at tags can be reduced to a binary power control problem. Selected
computer simulations are presented to validate the analytical claims,
shed optimal-design insights, and demonstrate the throughput en-
hancement of around 20% over the relevant benchmark schemes.
Index Terms— Backscatter communication, precoder, MMSE,
energy beamforming, power control, zero-forcing, antenna array

1. INTRODUCTION

Backscatter communication (BSC) technology, comprising of low-
cost tags, without bulkier radio frequency (RF) chain components,
can help in realizing the sustainable ultra-low-power networking [1].
Despite these potential merits, the widespread utility of BSC is lim-
ited by shorter read-range and lower achievable data rates [2]. These
limitations can be overcome by using multiple antennas at the reader,
which can help in separating out the backscattered signals from the
multiple tags, and implement energy beamforming (EB) during car-
rier transmission. So, to fully utilize these gains, there is a need for
investigating novel optimal transmit (TX) and receive (RX) beam-
forming at multiantenna reader, and backscattering designs at tags.

1.1. State-of-the-Art

In BSC, the low-power tags communicate their information to the
reader by respectively modulating their load impedances to control
the strength, phase, or frequency of carrier signal(s) as received and
reflected back to reader. Noting that the tags-to-reader uplink chan-
nel is coupled to the reader-to-tags downlink one, novel higher or-
der modulation schemes were investigated in [3] for the monostatic
multiple-input-single-output (MIMO) BSC settings. Whereas, con-
sidering a multiantenna power beacon assisted bi-static BSC model,
robust inference algorithms, not requiring any channel state infor-
mation (CSI), were proposed in [4] to detect the sensing values of
multiple single antenna backscatter sensors at a multiantenna reader.
Adopting the BSC model with multiple antennas the reader, authors
in [5] first presented maximum likelihood (ML) based optimal detec-
tor for simultaneously recovering the signals from emitter and tag.
Then, they also considered suboptimal linear detectors (Maximum
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Ratio Combining (MRC), Zero Forcing (ZF) and Minimum Mean-
Squared Error (MMSE)), and the best-performing successive inter-
ference cancellation (SIC) based detectors. Investigating monos-
tatic BSC between multiantenna reader and single-antenna tag, least-
squares and linear MMSE based channel estimates were derived
in [6]. On different lines, with the goal of optimizing harvested en-
ergy among single-antenna tags, sub-optimal EB designs for multi-
antenna reader were investigated in [7]. Thus, we realize that the
research on utilizing the efficacy of multiantenna reader based smart
signal processing designs in multi-tag BSCs is still in its infancy.
Next we highlight a striking similarity between wireless pow-
ered communication networks (WPCN) [8-10] and BSC systems,
which leads to a very similar throughput expression for the two sys-
tems, as can be noted from [10, eq. (4)] and (4) in Section 3, respec-
tively. Actually, the energy transfer phase in WPCN to power-up
the RF energy harvesting (EH) users has similar objective like the
reader’s carrier transmission to the tags for exciting them. Owing
to this reason, the proposed TX-RX designs in this work for BSC
can also be applied for sum-rate-maximization in WPCN with mul-
tiantenna hybrid access point (HAP) and multiple single-antenna EH
users [9,10]. Further in Section 5, we show that our proposed design
outperforms the ones designed for the multiantenna HAP in [9, 10].

1.2. Motivation and Contributions

We observe that the requirements of RX design in uplink for efficient
detection of the backscattered signals at the reader from multiple
tags, are very different from those of the TX beamforming in down-
link involving single-group multicasting-based carrier transmission.
To our best knowledge, the jointly-optimal transceiver (TRX) design
for the multiantenna reader has not been investigated yet. Also,
the backscattering coefficient (BC) optimization at tags for maximiz-
ing the sum-backscattered-throughput (SBT) is missing. Recently, a
few BC design policies were investigated in [11] for maximizing the
mean harvested power, due to the retro-directive EB at multiantenna
energy transmitter based on the backscattered signals from multi-
ple single antenna tags. However, the possibility of efficient uplink
backscattered information transfer from tags was ignored in [11].

In this work, we present novel analytical insights for optimal
TRX and BC design, whose practical utility as targeted for mono-
static multi-tag multiple-input-single-output (MISO) BSCs can also
be easily extended for addressing the needs of WPCN and ambient or
bi-static BSCs. These achievable longer read-range and higher SBT
gains can thus enable widespread applicability of BSC technology
in ultra-low-power emerging-radio networks like internet-of-things.

The three-fold contribution of this work is summarized below:

e Novel joint TRX designing at the reader and BC setting at the

tags has been investigated for maximizing SBT from the mul-
tiple singe-antenna tags in a monostatic MISO-BSC setting.

e Noting problem’s non-convexity, we present low-complexity

joint design based on the asymptotically-optimal solutions
under the high and low signal-to-noise-ratio (SNR) regimes.
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e Numerical investigation is carried out to validate the analyti-
cal claims and quantify the achievable performance gains.

2. SYSTEM DESCRIPTION

We consider MISO monostatic BSC system comprising M single-
antenna semi-passive tags Tx,Vk € M £ {1,2,..., M}, and one
full-duplex reader R equipped with /N antennas. We assume that
these M tags are randomly deployed in a square field of length L
meters (m), with R being at its center. To enable full-duplex opera-
tion [12], each of the NV antennas at R can transmit a carrier signal
to the tags, while concurrently receiving the backscattered signals
from them. In contrast to the practical challenges in implementing
the full-duplex operation in conventional communication systems
involving modulated information signals, the unmodulated carrier
leakage in monostatic full-duplex BSC systems can be efficiently
suppressed [12]. So R, adopting linear precoding, assigns each Ty a
precoder f,, € CV*! and simultaneously transmits M independent
and identically distributed (IID) symbols, sg ~ CN (0arx1,Iar).
The resulting M modulated reflected data symbols, as simultane-
ously backscattered from M tags, are then respectively spatially sep-
arated by R with the aid of M linear decoding vectors as denoted by
gr € CV*1 Wk € M, where gy is used for decoding 77 ’s message.

The Tx-to-R wireless reciprocal-channel is denoted by an N x 1
vector hy, ~ CN(0nx1,8:In),VE € M. Here, parameter S
represents average channel power gain incorporating the fading gain
and propagation loss over T;-to-R or R-to-7}, link. For implement-
ing the backscattering operation, we consider that each 7 modulates
the carrier received from R via a complex baseband signal denoted
by x7;, [13], which includes a structure-dependent constant and con-
trollable reflection coefficient to implement the desired tag modu-
lation [14]. Without the loss of generality, to produce impedance
values realizable with passive components, we assume that the effec-

tive signal [s], 2 XT)’:;/‘T" from 7y, satisfies E {[s]} [s], } = ax €
k

[0,1],Vk € M, because the scaling factor can be included in the
Tr’s reflection coefficient or BC oy, definition [15]. Here, higher val-
ues of i, Vk € M, imply reflecting larger fraction of the incident
RF power back to R, which thus, results in higher backscattered sig-
nal strength, and thereby, maximizing the overall read-range of R.
Whereas, the lower value of BC for a tag implies that its backscat-
tering to R causes lesser interference for the other tags. Therefore,
the baseband received signal [y 7], € C at Tz can be expressed as:

7l =i Xens B ISR, + [Wrl,, VEEM, (1)

where wy € CN*! represents zero-mean Additive White Gaussian

Noise (AWGN) vector with IID entries, each having variance JE,T.

3. SUM THROUGHOUT MAXIMIZATION IN BSC

Here after presenting the backscattered-throughput expression and
SBT maximization problem, we outline two TRX design properties.

3.1. Backscattered Throughput at Multiantenna Reader

Noting that the backscattered noise strength due to the AWGN power
is practically negligible in comparison to the corresponding carrier
reflection strength due the signal power, the received signal yr at R
for information decoding, as obtained using (1), can be written as:

YR £ ZTVLEM hm [S]m [yT]m + WR, (2)

where wr ~ CN (0 Nx1, af,R IN) represents AWGN at R. After
applying the linear detection to yr, the resulting decoded signal is:

yr2Gyr =[g1 g2 .. gM]H YR- 3

Therefore, on using (3), the resulting signal-to-interference-plus-
noise-ratio (SINR) v, for the backscattered message [s], , Vk €
M, as received at R from each T can be derived as follows:

. 2 ay, gl b |® e |BE |
k EiEMk (o3 ‘EE hi|2 ZmeM|h?f7n|2+aev7{‘|gk“2’

@

where My, = M \ {k}. Thus, on using (4), the backscattered-
throughput Ry, for tag 7y, as achieved at R can be obtained as below:

Ri =log, (1 +vr,), VkeM. 5)
We aim to maximize the sum of Rys to optimize the utility of R.
3.2. Mathematical Formulation for SBT Maximization
The joint reader’s TRX and tags’ BC design problem is defined by:
Os (g ke M Rs £ Ykem Re,

(Cl) : ZkeMka”2 < Pr,
(C3) : ax > amin, Vk € M,

subject to (s.t.)

(C2) : |lgkl* < 1,Vk € M,
(C4) : ar < amax, Vk € M,

where Pr is the available transmit power budget at R, amin > 0
and amax < 1 respectively the practically-realizable [15, 16] lower
and upper bounds on BC £ [ a2 as ... aM]T S RQIOXI.
Although Os has convex constraints, in general, it is a nonconvex
problem because its nonconcave objective includes coupled terms
involving the product of optimization variables, i.e., precoders fj,
detectors gy, and BC ax, Vk € M. Despite the non-convexity of
joint optimization problem Os, we next reveal two key features of
the underlying optimal TRX design, which will be used in Section 4.

Lemma 1. The optimal TX precoders for M tags, that maximize the
resulting SBT R, are identical, i.e., f;, = ﬁf € CN“, Vk € M.

Proof. For a given detector g and BC design a,, Yk € M, the op-
timal precoders can be obtained by solving subgradient Karush Kuhn

Tucker (KKT) condition [17, Ch.'5.5.3] 95 = 985 — 1 fi, = O 1

in terms of i, Vk € M, where £L = Rs + v (PT — ZkEMkaHQ)
is Lagrangian function of Og, with v > 0 being Lagrange multiplier
for (C1). We can rewrite this condition as: fx =3\ (Zm fi, with

H 2 T H 2 T
o emlEnn P T, 5 adal e ]
7, A m___ . (6)
2
uln(2>< PSRRI LS I VD D +aaR|\gmH2>
iEM mem

Hence, this proves that the optimal precoder, denoted by f € CV <!,

is identical for all tags, and we can write f, = \/%f, Vke M. O

Lemma 1 implies that R transmits with same precoder f for all
the tags, i.e., multicasting is optimal TX design. A similar observa-
tion has also been made in context of precoder design in WPCN [9].

Lemma 2. For a given precoder design fi, = \/%, Vk € M, forR
and BC vector o for the tags, the optimal detector design gy, , Vk €
M is characterized by the Wiener or MMSE filter, as defined below:
-1
In+—5 % a;|nFe|’n; h?) hy,
SR - ©)
1 U Tg|? H
INt—=— > a;|hTf|*h; hi hy
wWR o1

8op), = ‘

Proof. Firstly, from (4) and (5) we notice that Ry for each Ty de-
pends only on its own detector gj. So, we can maximize the individ-
ual rates Ry, or SINRs v, in parallel with respect to gz, while satis-
fying their underlying normalization constraint (C2). Further, as the
YR, in (4) can be alternately represented as a generalized Rayleigh
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quotient form [18, eq. (16)], the optimal detector gop, , V& € M,
can be obtained as the generalized eigenvector of the matrix set

<|| 5l

TwR ieEMy, VR

Using it along with (C2), the optimal detector in (7) is obtained. [

+1I N) with largest eigenvalue.

4. NOVEL ASYMPTOTICALLY-OPTIMAL JOINT DESIGNS

Our proposed joint TRX-BC design is obtained by first deriving
the asymptotically-optimal joint solutions in the high and low SNR
regimes and then selecting the one which yields higher SBT. Next
we discourse how they can be obtained with very low-complexity by
exploiting the semi-closed-form expressions for RX and BC designs.

4.1. TRX and BC Optimization Under High-SNR Regime

First from Lemma 2 we revisit that regardless of the precoder and BC
design, the optimal detector is characterized by the MMSE filtering
defined in (7). Next, we recall that under the high-SNR regime, the
ZF-based RX beamforming is known to be a very good approxima-
tion for the Wiener or MMSE filter [18, eq. (14)]. So, defining the

combined channel matrix as H £ [h; hs hs ... hy], the opti-
mal detector for the high-SNR scenarios is defined below:
g, £ 02k Yk € M, with Gz =H (H'H) . @®)

Thus, with 7, £ oy.2 || [Gz]k”%,Vk € M, SBT under high-
SNR regime for ZF based detector, Gy £ [gH, 8H, ... 8H, | s

Rsy; £ 2 ke 108 (1 + ok Ty !h;fff) ’ ©)

where we have used Lemma 1 to set same TX precoder for all tags.
Next using F £ f £, the equivalent semidefinite relaxation (SDR)
is formulated as Oy, and then Lemma 3 outlines a key result for it.

On: max Rs,® 3 log, (1+axe, hi Fhy), s. 1. (C3),(C4),
o keEM
(C5) : Tr (F) < Pr, (C6) : F = 0, (C7) : rank (F) = 1.

Lemma 3. ESH is concave in JF with optimal oy, = Omax, Vk € M.

Proof. Firstly, we note that regardless of the value of F, Rg,, is
monotonically increasing in each ay, Yk € M. So, optimal BC
under high-SNR scenario is given by an, = Omax, Yk € M. Now,
with both @ = an £ amaxluxi and G = Gy obtained, we
next show that Oy involves the maximization of sum of M concave
functions Ru, = log, (1 + ax7g, hi Fhy), Vk € M over the
variable F. Here, the concavity of each throughput term Ryg,, can be
observed from the fact that it is a concave monotonically increasing
(logarithmic) transformation of an affine function of JF. O

Using Lemma 3 and ignoring (C7), we notice that Oy with
Ak = Qmax, Yk € M, is a convex problem in the variable . Fur-
ther, since this problem satisfies the DCP rule [19], the CVX toolbox
can be used to obtain the optimal F, as denoted by Fy. However,
for this precoding solution to satisfy the rank-one constraint (C7)
we need to deploy the randomization process, which first involves
the generation of K set of candidate weight vectors for f using each
of the three methods, namely randA, randB, and randC, as described
in [20, Sec. IV]. Thereafter, the optimal precoder, denoted by fy, is
selected as the one yielding highest Rs;; among the 3K candidates.

Remark 1. Under high-SNR regime, optimal precoder fu is ob-
tained by solving SDR Owu, with all the tags being in full reflection
mode ay, = Omax, Yk € M, followed by randomization process.
Whereas, the optimal detector follows ZF based design G = G.

4.2. Proposed TRX-BC Design For Low-SNR Applications
Under low-SNR regime, the following two conditions hold good:

2 2
> ai|gh bl [hTE| 402 llgkll® & o2, llgkl® YEEM, (10a)
k

ieM

N R i W o S
W2 lo8 <1+ el )~ X TR TP (10D
where (10a) is owing to the fact that under low-SNR regime, the
backscattered signals from all the other tags, causing interference
to the tag of interest, is relatively very low in comparison to the
received AWGN. Whereas, (10b) is obtained using the identity
log, (1+ ) = 111(%’ Vx < 1. Using these two properties, the SBT
to be maximized in precoder f under low-SNR regime reduces to:

H 2 |1, Tgl2 (r1 TgeeH
a el ng|? |pFE)? D oo e{HTE £ H7)
n(2)od - llegell® = In(2)0g,

Rsp = X hem . (1D
where (r1) is based on the individual optimizations of detector and
BC vector, respectively, following MRC and full-reflection mode for
low-SNR case. From (11), we notice that the TX precoder design
f maximizing sum received power also eventually yields the maxi-
mum SBT. Thus, the optimal preco{der, call}ed TX-EB, is given by:
2 Vimax {H* HT

SV o m (42
where Vimax {H* HT} is the right singular vector of the matrix
H* H7 that corresponds to its maximum eigenvalue Amax {H* HT}.
On substituting f = f, and ax = amax, Vk € M, in (7) and using
Lemma 2, the optimal detector for the low-SNR regime is given by:

M . -1
<1N+7P7;;‘m"‘" S [0 viax {H* HT}|?h; h?) hy,
W i=1 (13)

A
BLr = Promax 4| 1 T2 - -1
Iy —Lgmax Z|hi vmax{H H }| h; hf hy,
W i=1

With TRX designs obtained, BC optimization can be formulated as:

ar gl hi [0l e|?

OsBL: max ﬁkgw =9 , 8. 1.(C3), (C4),
iE€X,

0T e 402

ggk h;

with its asymptotically-optimal solution a1, given by Lemma 4.

Lemma 4. For low-SNR settings, the optimal BC for each Ty, is only
characterized either by Qmax OF Qimin, I.e., follows ON-OFF mode.
sum A

Proof. First using the result below in (14), we show that vz," =
>k cm YRy, is strictly-convex function of BC a of each tag Tk,

2
o 2(Ee o ot ) o T ol
S = > 0. (14)

2 3
+odr )
Next since we aim to maximize the scaled v%," in Opr, and the
maximum value of a convex function lies at the corner of its under-
lying variable, we conclude that the optimal value of each ay, is set
to either one out of the two corner points, &max O ®min, for BC. [
Below we summarize, the joint TRX-BC design in low SNR regime.
Remark 2. Under low-SNR regime, precoding f1, reduces to TX-EB
and detector design follows MMSE filtering (cf. (13)). Whereas, BC
optimization reduces to a low-complexity binary decision-making
process, in which just 2" —1 possible candidates need to be checked
for o to select the best aur, among them in terms of sum throughput.

- 2
& iEMy, (Zm€Mi am|h%fL| ‘gﬂ h,,

Hence, via Remarks 1 and 2, we have described our two candi-
dates for the joint solution, with RX and BC designs being in closed-
form. So, only TX precoder is numerically computed using SDR and
eigenvalue-decomposition respectively for high and low-SNR cases.
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Fig. 2. Sum-throughput performance comparison of the proposed low-complexity joint TRX design against the relevant benchmarks.

5. NUMERICAL PERFORMANCE EVALUATION
Unless exp11c1tly stated, we have used N = M = 4, Pr = 1W,
o2 = 10—17w K = 10NM, and B; = wd; °,Vi,

wT

where @ = (31771? ) being the average channel attenuation at unit
reference distance with f = 915MHz [16] being TX frequency, d; is
R-to-7; distance, and o = 3 is path loss exponent. Noting the prac-
tical settings for BC designing [15] as max {|x7; |} = 0.78 [2] and
E {|x7;|} = 0.3162 [13], we set aumin = 0.1 (]E{|XTk|})2 =0.01
and Qmax = max {|x7, |} (E {|x7,|})> = 0.078,Vk € M. Re-
garding deployment, M tags have been placed uniformly over a
square field of length L = 100m and R is placed at its center. Lastly,
all the optimal SBT results have been obtained numerically after tak-
ing average over 10° independent channel fading realizations.

First we conduct a relative performance comparison study
among the three semi-adaptive designs involving individual opti-
mizations of TX precoding, RX beamforming, and BC vector, for
different values of L, N, and M in Figs. 1(a), 1(b), and 1(c), re-
spectively. For individual optimizations here we have used fixed
TX precoding as fr, (EB design), detector as Gu (ZF-based RX
beamforming design), and BC vector as oy (full reflection mode).
From Fig. 1(a), we notice that the optimal TX precoding with fixed
G = Gy and a = ap performs better than the other two semi-
adaptive designs for higher values of L with N = M = 4. Whereas,
with optimal RX beamforming design being the weakest scheme as
observed in Fig. 1, it implies that MMSE-based design is not that
critical and in fact ZF-based asymptotically-optimal one is prac-
tically good enough. Furthermore, the optimal BC design having
TX-EB as precoder and ZF-based RX-beamforming turns out to be
the best semi-adaptive scheme, except under very low SNR regimes,
as represented via L > T0m, N < 5, and M > 12 in Fig. 1.

Finally, to corroborate the practical utility of the proposed
designs, we compare their performance against the two available
benchmark designs, namely, (i) WPCN-SRM scheme [10] targeted
towards the TRX designing at the multiantenna HAP for the uplink
sum-rate-maximization (SRM) from the multiple single-antenna EH

:0'

users, and (ii) MRT-ZF scheme [5, 7] where the maximum ratio
transmission (MRT) based precoder and ZF based detector are de-
signed for each tag. As both these benchmarks do not consider BC
optimization and use &« = o, for fair comparison we consider
the proposed asymptotically-optimal TRX design with fixed BC as
apn. The performance comparison results for the two proposals
against the two benchmarks are plotted in Figs. 2(a), 2(b), and 2(c)
for varying L, N, and M, respectively. It is clearly visible that even
the proposed asymptotically-optimal TRX design with fixed BC o
outperforms both the benchmarks, respectively provides an average
improvement of about 18% and 28% over the MRT-ZF and WPCN-
SRM schemes in terms of achievable SBT. The main reasons for this
significant improvement are that the TX-EB based common precod-
ing design performs much better in terms of SBT than the respective
suboptimal MRT design for each tag as proposed in [5, 7], and than
the TX precoder of WPCN-SRM scheme with MMSE-RX which is
aimed at optimizing a nonequivalent goal as defined in [10, Prop.
1]. Further, to quantify the performance gap between the proposed
and optimal solutions, the extended version of this work investigates
a joint TRX-BC design that holds good for all the SNR values [21].

6. CONCLUDING REMARKS

This work investigated novel sum-backscattered-throughput maxi-
mization problem that jointly optimizes the TRX design at the multi-
antenna R and BC at the single antenna tags. We showed that the op-
timal TX precoding is based on the direction that trade-offs between
the one maximizing sum-received power among the tags and the one
balancing among individual MRT direction for each tag. Whereas
the detector design is based on MMSE beamforming and the BC
optimization reduces to a low-complexity binary decision-making
process. Numerical investigation validating the near-optimality of
the asymptotically-optimal low-complexity designs for both low and
high SNR regimes, showed that the proposed solutions can yield an
overall enhancement of around 20% over benchmark schemes. In
future, we would like to extend these low-complexity TRX and BC
designs for fairness maximization among multiantenna tags in BSC.
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