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Abstract—Passive tags must harvest sufficient energy to oper-
ate. However, ensuring the tag’s energy needs and simultaneously
suppressing the interference in ambient backscatter systems is
challenging. To meet this, we employ a reconfigurable intelligent
surface (RIS) to amplify the ambient source signal that reaches
the tag. We maximize the achievable rate by optimizing the RIS
phase-shifts subject to the tag’s energy harvesting constraint.
Specifically, the phase-shifts are optimized to increase the tag’s
received power while suppressing the direct-and-RIS-cascaded
link interference. The optimization problem is non-convex, and
we convexify it by means of fractional programming and a
quadratic transformation. In comparison to a benchmark, our
optimal phase-shift design provides ~ 150% and ~ 250% gains
in harvested power and achieved rate, respectively, at 20 dBm
transmit power.

Index Terms—Ambient backscatter communication (AmBC),
Reconfigurable intelligent surface (RIS), Passive tag.

I. INTRODUCTION

Ambient Backscatter communication (AmBC) is an emerg-
ing enabler of passive Internet-of-Things (IoT) networks. Pas-
sive backscatter tags reflect external ambient radio frequency
(RF) signals to communicate and are powered by energy
harvesting (EH). Therefore, such tags have no batteries and
eschew power-hungry and costly RF circuits [1]. They are
thus low-cost devices with minimal processing capabilities and
strict energy constraints. Ambient sources include TV towers,
Wi-Fi access points, and cellular base stations (BSs) [1], [2].
AmBC ensures spectrum and energy efficiency and avoids new
spectrum allocations.

The main problem with passive tags is the potential lack of
energy and attendant problems. The tag typically needs at least
—20dBm to activate its circuits. Ambient sources risk a tag-
energy outage because of their inherent unpredictability, low
power density in the order of 1~100uW /cm?, and distance.
However, reconfigurable intelligent surfaces (RISs) control the
propagation environment advantageously [3]. Hence, deploy-
ing a RIS and configuring the phase shifts its elements can
enhance the EH potential of the tag, increase the desired
signal at the reader, and suppress interference at the reader
[4], [5]. However, the RIS can be placed in the forward
link (i.e., the RF source-to-tag link) or the tag-to-reader link.
The first option delivers more energy to the tag, resulting in
improved harvested energy, higher achievable rates, and longer
communication ranges with no modifications or additional
processing at the tag. This letter investigates that option.
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Fig. 1: An RIS-assisted AmBC system setup. Red lines denote interference
links. Here, d;, = 1/di+d§, dg, = ,/(dfl —dm)2+d§, dgy =

V0sy +du — de)? + &3 and dp, = dpy + d.

Motivation and Our Contributions: The primary aim is
to increase the tag activation distance and received power
(Fig. 1). A RIS in the source-to-tag link achieves those goals.
However, the reflected signal via RIS must be lower than the
tag’s backscatter signal. Otherwise, the decoding performance
of the reader degrades (Remark 1). Hence, the detrimental
effects of this interference must be eliminated.

Therefore, we aim to enhance the tag data rate (Fig. 1)
by maximizing the received signal-to-interference- plus-noise
ratio (SINR) at the reader. This improves the reader’s desired
signal power and suppresses the interference from the S-R
and S-RIS-R links. We thus optimize the RIS phase shifts to
maximize the tag rate subject to the tag’s EH constraint. The
optimization problem is not convex, so we convert it into a
convex one and solve it using fractional programming. We
show that the optimal RIS phase-shift design increases the
tag’s received power and suppresses the interference from the
direct and the cascaded links, achieving significant gains in
RIS-empowered AmBC.

A. Previous Contributions on RIS-Assisted AmBC

RIS improves performance of backscatter communication
(BackCom) [6], particularly the detection performance and the
bit error rate of AmBC [4], [5], [7]-[9]. These works show
reliable communications at a moderate signal-to-noise ratio
(SNR). Moreover, a RIS can improve the energy efficiency of
an AmBC-enabled non-orthogonal multiple access (NOMA)
network by assisting cell-edge users [10].

This paper differs from [4], [5], [7]-[9]. Our focus is to
maximize the tag rate under EH constraint by optimizing the
RIS phase shifts to enhance the desired signal power and
suppress the interference terms.

Notation: AT and AY, denote transpose and Hermitian
transpose, respectively. E{-} denotes the statistical expecta-
tion. Finally, CN'(u, C) is a complex Gaussian vector with
mean p and co-variance matrix C.



II. SYSTEM, CHANNEL, AND SIGNAL MODELS
A. System and Channel Models

We consider a RIS-empowered AmBC network having
a single-antenna source (S), a single-antenna reader (R), a
single-antenna tag (T), and a RIS consisting of N passive
reflectors (Fig. 1). R is assumed to be a cooperative receiver
that decodes the tag’s data only (i.e., no primary data) [11].
Hence, the primary purpose of the RIS used in the S-T link
is to supply as much power to the passive tag as possible. In
particular, we optimize the RIS phase shifts to maximize the
tag’s received power and the reader’s received SINR. The RIS
control unit can run the algorithm we develop to achieve this
task. We take the symbiotic viewpoint that the ambient source
will help to improve the performance of the AmBC network.
To this end, we assume a backhaul connection between the
RIS and the RF source [3]. We label the set of passive RIS
reflectors as V' = {1,...,N}.

The direct channels, S-T, S-R, and T-R are denoted as fi,
f2, and u, respectively. Moreover, the reflective channels, S-
RIS, RIS-T, and RIS-R are denoted as h = [hy,...,hy|T €
CNX g = [gk1y-- -, gkt € CNXL k€ {1,2}, respec-
tively. A unified representation of all channels is given as

a = agexp(jda), (D

where a € A = {f1, fo,u,hn, G1.n,92.n},n € N and ¢, €
[—, 7] is the phase of a. In (1), v, is the envelope of a, which
is assumed to be Nakagami-m distributed with m, shape and
Q. = my(, scaling parameters. Here, (, accounts for the
large-scale path loss and shadowing. Since the RIS elements
are co-located, the large-scale parameters are identical, i.e.,
Coen = Cgur k€ {1,2}, and ¢, = ¢ for n € N. We assume
the availability of channel state information (CSI). Although
CSI estimation is complicated in AmBC systems, some results
are emerging (see [12] and reference therein).

B. EH at the Passive Tag

Passive tags perform EH and data transmission simultane-
ously via the power-splitting mode [13]. Each task takes a
fraction of the incident RF power on the tag.

Let Pr be the received power at T, and it backscatters aPp
of the received RF power and absorbs (1—a) Py for EH, where
a € (0,1) is the reflection coefficient of the tag!. Here, we
adopt the linear EH model, and the harvested power at the tag
is given as

Py =p(1—a)Pr, 2

where 3, (0 < S < 1), is the power conversion efficiency, e.g.,
typical values of 5 = {0.2,0.4,0.6} [14]. Although practical
EH circuits exhibit non-linear operating characteristics and
an activation threshold, the linear model can be accurate for
certain operating regions. However, non-linear EH models are
widely used as well (see [15], [16] and references therein). Our
solution can be extended to such models as well. We omit the
details for brevity.

To keep « constant, we use constant envelope modulation (M-ary phase
shift keying).

C. Signal Model

S transmits a modulated carrier signal \/]35, where P is the
transmit power and signal s satisfies E{|s|?} = 1. T receives
it through the direct channel, f;, and the reflective channels
of the RIS, g;. The received signal at T is given as

yr = VP(f1 + gl ©h)s, 3)

where © = diag (01,...,0n) € CV*¥ is a diagonal matrix
which captures the reflection properties (the magnitude of
attenuation and the phase-shift) of the RIS elements. More-
over, 0, = nnemn, n € N, is the complex-valued reflection
coefficient at the n-th reflector, where 7,, is the magnitude of
attenuation and ¢,, € [—m, 7] is the n-th reflector phase-shift.

According to Section II-B, T must harvest enough power to
support its internal operations. Therefore, with the linear EH
model (2), the received power at T must satisfy the following
energy constraint:

B(1 —a)Pr > P, 4

where Pr = P|f; + gl ©h|? is the received power at T and
P, is the activation threshold of energy harvester at T.

T harvests energy from the received signal and modulates
it with its data, g, where ¢ is the normalized backscatter
symbol selected from a multi-level (M -ary) modulation such
that E{|q|?} = 1, before transmitting it to R. The received
signal at R is given as

yr = VaPu(fi + gl ®h)sq + VP(f; + g1 Oh)s + z, (5)

where z ~ CN(0,02) is the additive white Gaussian noise
(AWGN) at R with mean 0 and variance o2. The data detection
task of R is to estimate the value of ¢q. The second term on
the right-hand side is the cumulative direct interference and the
RIS reflected interference (red dash-lines in Fig. 1). Ideally,
this term must be eliminated by the SIC circuit [11]. However,
perfect SIC may not always be feasible, and a decoding error
may occur during the SIC process. Hence, using (5), the
received signal to decode the tag’s signal after the imperfect
SIC process can be written as

Ur = yr — VP(f2 + g3 Oh)3,
= VaPu(f, + gl ®h)sq+ VP(fy + gl ©h)(s — 3) + z,(6)
where § is the decoded signal (the estimate of s)2.

Therefore, using (6), the received SINR at R may be
expressed as

2(1— p)P|(f2+ g3 ©Oh)[> + 02’
where p € [0, 1] determines the degree of imperfectness of the
SIC operation [17]. Next, the achievable rate at R is

R = log, (1 + ) bps/Hz. (8)

2Without loss of generality, s and its estimate § can be assumed as jointly
Gaussian with a certain correlation coefficient [17], i.e., s = p§ + e, where
8§~ CN(0,1) and e ~ CN(0,02/[1 + 02]) is the estimation error and is
statistically independent of 3.
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Fig. 2: The SIR for dy, = 1m, d;, = 8m, dfl = 10m, and d,, = 10 m.

Remark 1. 7o highlight the detrimental effects of interference
from the direct link and the cascaded RIS channel, we investi-
gate the signal-to-interference ratio (SIR) at R, which can be
expressed as
alu (fi +gf©%hy)
|f2 +g3©*h}2 '
where ©* is the optimal phase-shift matrix obtained by
maximizing the desired signal component. From (3), we can
determine how to maximize T’s received signal power, which
also increases desired power at R. Thus, the RIS phases should
be chosen to maximize | f1 +gi ©*h;|. This happens when all
the terms add constructively to fi, i.e., ¢y = ¢g, + On, + on,
where ¢, € [—m,w| is the phase of a € A. Therefore, the
n-th RIS phase-shift is adjusted as ¢}, = max_,<g4, <« Pr =
65— (bg, +bn,), n €N [I8].

In Fig. 2, the SIR (9) is plotted for different numbers of
RIS elements. Notice the unexpected trend of SIR decreasing
with increasing N. Since ®* is designed without considering
interference, constructive additions of interference can occur
at R (this probability grows with N). We can see that even
for a vast number of RIS elements, the SIR is ~ 2dB, i.e.,
there is not much difference between desired signal power
and the interference power. Hence, the latter cannot simply
be neglected compared to the former. Moreover, the choice of
©O* is not optimal overall. The solution is to employ some
degrees of freedom RIS offers to suppress this interference.
With this goal in mind, we next develop an optimization
Jramework to maximize the achievable rate while minimizing
this interference.

SIR =

€))

III. PROBLEM FORMULATION AND PROPOSED SOLUTION
A. Problem Formulation

We aim to optimize the RIS phase-shifts to maximize both
the received signal power at T and the achievable rate/SINR
at R. Thus, an optimization problem is formulated as follows:

Py max(iamize logy (1 +7), (10a)

subject to 3(1 — a)P|f1 + gl ©h|? > P,, (10b)
0] < 1. (10c)

Here, the constraint (10b) guarantees the minimum operating
energy requirement for T. Due to the non-convex objective
function and the constraint, the problem P; cannot be solved
by using conventional convex optimization methods. There-
fore, we next convexify these non-convex objective and the
constraint to solve the optimization problem, P;.

B. Proposed Solution

First, we define a; = diag(ugy)h and a; = diag(g] )h.
Thereby, the SINR in (7) is rearranged as

aP|by + 0%a,|?

2(1 — p)P|b2 + 0H32|2 + Jg’
where by = ufy, by = fo, and @ = [0y,...,0x]T. Then, P;
can be treated as a fractional programming problem [19]. We
next apply a quadratic transform to the objective function of

P, as
£(0,\) = log, (1 +2\VaPRe {b; + 0"a, }
A2 (2(1 = p)Pbs + 8Mas|? + 02)), (12)

v = (1)

where )\ is an auxiliary variable introduced by the quadratic
transformation. Thereby, we alternatively optimize 6 and .
For a given 6, the optimal X is found in closed-form as [19]
3o — av/PRe {bl + OHal} (13)
~ In(2) (2(1 — p)Plb2 + 6Hay|? + 02)°
Remark 2. Without compromising generality, we confine that
the phase-shift vector, 8, with the channel responses to produce
a non-negative real desired signal term, i.e., |b1 + 0Ha1| ~
Re{by + 0"a;}. Our simulation results also demonstrate
the validity of this approach. This is because our approach
iteratively maximizes the achievable rate/SINR by co-phasing
the desired signal component while reducing interference.

In this optimization problem, we must optimize 6 for a
given \. First, by expanding |b; + 0a;|? and then applying
several mathematical manipulations, the objective function in
(12) can be rearranged as

f(8) =log, (1 - 6"UO +2Re {0"v} +¢c), (14

where U, v, and c are defined as
U 2 2()\°)%(1 — p)Pasall, (15a)
v 2 2)°VaPa; —2(\°)2(1 — p)Pbiay, (15b)

¢ 2 2X\°VaPRe{bi} — (\°)? (2(1 — p)P|b2|* + 7). (15¢)

Next, the corresponding optimization problem can be given as

Po maxigmize f(6), (16a)
subject to (1 — o) Py™ > P, (16b)
|0,] <1, (16¢)

where P is the linearized received signal power at T, given
as (Appendix A)

PE" = 61 U0, 1 + 2Re {611 1vo} + co
+ ((Uo + Ug) 0,_1 +2Re {VO})H (6; — 6:-1),(17)



where ag £ diag(g])h, by = f1, Uy = Papall, vo £ Pbjay,
and co = P|bg|%. Besides, 8; and 6;_; are the current and the
previous iteration values of 6.

Because agag is a positive-definite matrix, U is also a
positive-definite matrix. Hence, the objective function, f(6),
is a quadratic concave function of €. Consequently, P> can
be solved as a quadratically constrained quadratic program
(QCQP) [20]. Algorithm 1 gives the solution of Ps.

Algorithm 1 : Algorithm for phase-shift optimization.

Initialization: Initialize 0 to a feasible value.
Repeat

Step 1: Update A\ by (13).

Step 2: Update 6 by solving P5 in (16).
Until the value of the objective function converges.
Output: The optimal phase-shift matrix @°.

Remark 3. The Algorithm 1 presents the proposed optimiza-
tion technique for solving ® once the original problem, P,
is converted into a convex problem. P is iteratively solved
using an alternating optimization technique. First, we quantify
the SINR in (11) upon initializing ©, and then we update
a better solution for © in each iteration. This procedure is
repeated until the normalized objective function increases less
than € = 1074,

Remark 4. Since the tag is a passive device with limited
power, Py considers a fixed o to maintain the minimum power,
low cost, and small form factor of the tag [21]. However, o
can also be optimized at the expense of a simple tag design.
Since © and « are independent variables, we can readily use
alternative optimization. Thereby, ® and o are alternatively
optimized until the convergence. We omit the details for brevity.

IV. SIMULATION RESULTS

This section presents simulation results to evaluate the
system performance. We adopt the 3GPP UMi model to model
the large-scale fading (, with f. = 3 GHz operating frequency
[22, Table B.1.2.1]. Moreover, AWGN variance is modeled as
02 = 10log,o(NoBNy) dBm, where Ny = —174dBm/Hz,
B = 10MHz is the bandwidth, and Ny = 10dB is the noise
figure. Additionally, the activation threshold of the tag, P, is
set to —20 dBm and unless otherwise specified, the Nakagami-
m parameter, m,, is set to 1.

We consider four different scenarios of ® including three
benchmarks and the proposed scheme:

C1 Random: © is randomly designed.

Cy Ideal - Desired power enhancement with perfect SIC
assumption: i.e., R cancels interference from both direct
and RIS cascaded links perfectly. In this case, the
optimal choice of phases is given by ©®* found in
Remark 1, where the desired received power at T is
maximized. This ideal case yields a valuable upper
bound for performance evaluations.

Cs3 Imperfect SIC - Omitting the interference but consid-
ering imperfect SIC: ©* is designed, as per Remark
1, to maximize the received power at T. However,
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Fig. 3: The average achievable rate versus distance for P = 20dBm, N = 100,
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Fig. 4: The trade-off between the harvested power and the achievable rate for P =
20dBm, N = 100, d, = 8m, dy = 1m, dy; = 10m, dy, = 10m, § = 0.6,
a = 0.6, and p = 0.95.

the performances depend on the precision of the SIC
operation (i.e., p < 1).

Cy Optimal (Proposed) - Desired power enhancement while
suppressing the interference: ® is found through the
optimization problem (10) and Algorithm 1.

Fig. 3 investigates T’s activation range under the four
scenarios. The received signal power at T is plotted as a
function of S-T distance, d¢,. Note that the RIS in the power-
up link allows T to be activated farther away from S than
otherwise. Our algorithm increases this range compared to
random phase shifts. Since Cy and C5 cases optimize ® only
considering S-IRS-T channels, both can deliver more power
to T, resulting high activation range. Despite having slightly
less range than Cy and C3, C increases the tag activation
distance compared to the no-RIS case and C}.

Fig. 4 depicts the trade-off between the harvested energy
and the achieved rate as a function of the a at T with different
RIS phase-shift designs for transmitting power P = 20 dBm.
As « approaches 1, T reflects most of the received power and
achieves the maximum rate. However, this operating point is
infeasible for a passive tag. In contrast, when « approaches
0, T harvests most of the received power, and the achieved
rate becomes infinitesimal. Hence, for given «, the rate and
harvested power at T can be obtained by traversing the trade-
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off curve. Because T is passive, it must harvest a minimum
power to operate hence @ € (0,1). Fig. 4 shows that Cy4
ensures that T receives more power to be harvested while
suppressing the interference, and hence T achieves a higher
rate as well, compared to C7 and C5. C5 represents the ideal
performance. However, proposed C; achieves significant gains
compared to C; and Cs.

Fig. 5 shows the average achieved rate of T against the
transmit power at S for different numbers of RIS elements V.
The proposed optimal RIS phase-shift design (Cy) performs
close to the upper bound Cs and achieves significant gains
(compared to C7 and C'), as it maximized the received power
at T while suppressing the interference from the direct and
cascaded links at R. In particular, with P = 20dBm, N =
100, and m, = 1, the achieved rate through the optimal design
with perfect SIC (Cs), and the proposed optimal one (Clj)
are respectively 1.35bps/Hz and 0.98 bps/Hz. While with
the two other Scenarios, random design C; and the optimal
design where interference is neglected (Cs), the achieved rates
are respectively 0.2bps/Hz and 0.35 bps/Hz. Moreover, the
achievable rate trend scales with the severity of the fading
model, i.e., high achievable rates for large m values.

V. CONCLUSION

This letter investigated the achievable rate improvements in
a RIS-empowered AmBC. We designed optimal RIS phase
shifts to simultaneously increase the tag’s received power
and suppress the direct-and cascaded-RIS link interference.
We observed that, with optimal phase shifts, the tag could
harvest enough power for its operation and achieve effective
rates. Using RIS between the tag and the reader also offers
significant gains and is a future research direction.

APPENDIX A
LINEARIZED RECEIVED POWER Pk

In order to convert the EH constraint in (10b) to convex
form, we first define ag = diag(gy)h and by £ f;. Thereby,
the received power at T, Pr = P|f; + gl ®h|? = P|by +
0H30|2, is expanded as follows:

Pr = 0"U0 + 2Re {0" v} + co, (18)

where Uy £ Pagall, vo £ Pbjag, and ¢y = P|by|. By
applying Taylor series linearization techniques, the linearized
received power at T is obtained as (17).
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