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Abstract

Backscatter communication (BackCom) is a promising technique for achieving high spectrum efficiency and power efficiency in
the future Internet of Things systems. The capacity of BackCom networks can be maximized by optimizing the backscatter
time and the reflection coefficient (RC). However, system energy efficiency (EE) cannot be guaranteed usually. In this paper,
we investigate the energy-efficient resource allocation problem of a non-orthogonal multiple access (NOMA)-based BackCom.
Particularly, the base station (BS) transmits signals to two cellular users based on the NOMA protocol, meanwhile, a backscatter
device backscatters the signals to users using the passive radio technology. The total EE of the considered system is maximized
by jointly optimizing power allocation for each NOMA user and the RC of backscatter device where the decoding order and
the quality of service (QoS) of each user are guaranteed. To solve such a non-convex problem, we develop an efficient iterative
algorithm to obtain the optimal solutions by using Dinkelbach’s method and the quadratic transformation approach. Numerical
results show that the proposed algorithm can significantly improve the system EE compared with the orthogonal multiple access
(OMA) scheme and the NOMA system without backscatter devices.



Energy-Efficient Resource Allocation for
NOMA-based Backscatter Communications

Yongjun Xu, Member, IEEE, Zhijin Qin, Member, IEEE, and Guan Gui, Senior Member, IEEE

Abstract—Backscatter communication (BackCom) is a promis-
ing technique for achieving high spectrum efficiency and power
efficiency in the future Internet of Things systems. The capacity
of BackCom networks can be maximized by optimizing the
backscatter time and the reflection coefficient (RC). However,
system energy efficiency (EE) cannot be guaranteed usually. In
this paper, we investigate the energy-efficient resource allocation
problem of a non-orthogonal multiple access (NOMA)-based
BackCom. Particularly, the base station (BS) transmits signals
to two cellular users based on the NOMA protocol, meanwhile,
a backscatter device backscatters the signals to users using
the passive radio technology. The total EE of the considered
system is maximized by jointly optimizing power allocation for
each NOMA user and the RC of backscatter device where the
decoding order and the quality of service (QoS) of each user
are guaranteed. To solve such a non-convex problem, we develop
an efficient iterative algorithm to obtain the optimal solutions
by using Dinkelbach’s method and the quadratic transformation
approach. Numerical results show that the proposed algorithm
can significantly improve the system EE compared with the
orthogonal multiple access (OMA) scheme and the NOMA system
without backscatter devices.

Index Terms—Backscatter communications, NOMA, resource
allocation, energy efficiency.

I. INTRODUCTION

NERGY consumption is a critical issue for the fifth

generation (5G) wireless communication systems [1],
which should be addressed in the future systems. Backscatter
communications (BackComs) [2], [3] have been considered
as a candidate to extend the lifetime of IoT sytems by
directly reflecting the incident radio frequency (RF) signals
to the indicated receivers without modulating or generating
RF signals by itself. Therefore, BackCom could enhance the
signal quality received at the users and reduce the energy
consumption of system. Moreover, to provide more access
opportunities for massive number of [oT users, non-orthogonal
multiple access (NOMA) [4], [5] can be adopted by allowing
multiple users to share the same resource block.

To overcome the near-far problem in communication sys-
tems, NOMA-based BackCom systems have been investigated
to improve system capacity and spectrum utilization [6]. In
[7], the closed-form expression of the outage probability
and the ergodic rate of NOMA users have been provid-
ed for a downlink NOMA-based BackCom system. In [8],
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the outage probability has been derived for a NOMA-based
BackCom system where the base station (BS) is equipped
with multiple antennas. In [9], the exact analytical closed-
form expression for the fading-free scenario and semi closed-
form expression for the fading scenario have been derived
for an uplink NOMA-based BackCom system. However, the
above works focus on the performance analysis of the system
(e.g., outage probability expression). In [10], the resource
allocation (RA) problem for a NOMA-based BackCom system
has been formulated as a max-min throughput problem and
solved by jointly optimizing the backscatter time and reflection
coefficients (RCs). The suboptimal solution has been obtained
by using the block coordinated decent and successive convex
optimization approaches.

Although the aforementioned works [6]-[10] have laid solid
contributions for understanding BackCom systems from var-
ious perspectives, e.g., performance analysis and throughput
maximization, the optimal solutions of the RA problems
have not been obtained yet. Moreover, the decoding order
of NOMA user is only considered under the quasi-static
channel relationship. Due to the coupled relationship of RC
and channel coefficients, however, the effect of dynamic RC
is not reflected in the decoding order of NOMA. To the best
of our knowledge, this is the first paper to consider the EE-
based RA problem for a downlink NOMA-based BackCom
system. The main contribution of this paper is summarized as
follows: (i) We formulated the RA in NOMA-based BackCom
systems as an EE maximization problem by jointly optimizing
the transmit power of BS and the RC of the backscatter device
(BD), which considers the the minimum signal-to-interference
plus-noise ratio (SINR) required by each NOMA user and the
decoding order constraint. (ii) The non-convex and fractional
optimization problem is converted into an equivalent problem
based on the Dinklbach’s method. The difference of concave
function (DC) problem is transformed into the convex format
by using a quadratic transformation approach. The closed-form
solutions are obtained by using the Lagrange dual method and
the subgradient approach.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As illustrated in Fig. 1, we consider a downlink NOMA-
based BackCom system. By considering the hardware com-
plexity of successful interference cancellation (SIC), we take
two-user case as an example [11], [12]. The BS with the
single antenna transmits the superposition signal to user 1
(i.e., the nearby user with good channel condition) and user
2 (i.e., the far-away user with poor channel condition) in the
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Fig. 1. System model of downlink BackCom with two NOMA users.

same resource block by assigning them with different transmit
power. The BD reflects the signal received from the BS to
user 1 and user 2. At user 1, it decodes the user 2’s signal
first, then decodes its own signal, which is achieved by SIC.
Here, we assume that the BS can obtain perfect channel state
information (CSI) by channel training [6]-[10].

A. Received Signals of Users

The transmitted complex signal from the BS can be written

z(t) = Vprea(t) + Vpwa(t), (D

where x1(t) and x5(¢) are the transmitted signal from the BS
to user 1 and user 2, respectively, and satisfying E[|z1 (¢)[%] =
1 and E[|z5(¢)]*] = 1. We denote p; and ps as the transmit
power allocated to user 1 and user 2, respectively.

User 1 receives two types of signals including the direct
link signal from the BS and the backscatter signal from the
BD. Therefore, the signals received at user 1 can be expressed

as
= Vha(t) +\/pglgta(t)et) + ni(t), ()

where h; and gd denote the channel gain from the BS to user
1 and BD, respectively, gi* denotes the channel gain from the
BD to user 1, p denotes the RC of the BD, which can be
dynamically adjusted by the capacitor circuit [2]. ¢(t) denotes
the own message of the BD and satisfies E[|c(t)]’] = 1,
and nq(t) denotes the complex Gaussian noise at user 1 and
satisfies nq () ~ CN(0,02).

According to SIC, user 1 can decode the signal of user 2,
i.e., x2(t). The SINR at which user 1 decodes the signal of
user 2 can be given by

as

p2(h1 + pggt)
pi(h1 + pgigy) + o2’

If the decoding succeeds, user 1 invokes the classic SIC and
decodes its own message. The received SINR at user 1 can be
expressed as

3)

Y1—2 =

p1(h1 + pglgt
Vi1 = pillu + pg'si) szg gl)- €]

Similarly, the received signals at user 2 is

= Vhox(t) + \/ pglgia(t)e(t) + na(t),  (5)

where ho and g& denote the channel gain from the BS to
user 2 and from the BD to user 2, respectively, and no(t)

denotes the complex Gaussian noise at the user 1 and satisfies
na(t) ~ CN(0,0%). Moreover, channel condition is assumed
to satisfy h1 > ho [13]. As for user 2, it will directly decode
its own message by treating the message of user 1 as the
interference. As a result, the received SINR at user 2 can be
expressed as

p2(ha + pgigd)
p1(ha + pggy) + o2

(6)

Y22 =

B. Problem Formulation

When user 1 desires to decode the signal of user 2, the
interference cancellation is successful if user 1’s received
SINR is no less than user 2’s own received SINR [14]. Thus, to
protect the given SIC decoding order, there must be a decoding
SINR constraint

V12 = V22 @)
Thus, the total EE-based maximization RA can be formu-
lated as
ax logs (1 +y1-51) + logs (1 + v2-49)
Di,p 222:1])1 + PC
2
st.C1:0<p<1, Cy:Y p <P (8)
i=1
03 :0 Spiai = 172a C14 i > fy;nlnv | = 1527

Cs : 7152 > Y252,

P1

where P, denotes the total circuit power consumption, P
denotes the maximum transmit power at the BS, and ~™in
is the minimum SINR requirement of each NOMA user. Cy
denotes the RC constraint. C; and C5 are the constraints which
determine the upper bound of transmit power. C; denotes
the minimum SINR requirement for each NOMA user. Cs
denotes the decoding order constraint. P1 is a non-convex
optimization problem due to the coupled variables p; and p.
It is noted that C;—C'5 are convex. We only need to focus on
the transformation of C4, Cs and the objective function due
to the coupled variables.

ITI. RESOURCE ALLOCATION ALGORITHM DESIGN
In this section, we first derive the optimal RC according to
the monotonicity of the objective function. Then an iterative
algorithm is proposed to obtain the optimal transmit power.

A. Optimal Reflection Coefficient

We introduce g1 = g% and go = g¢%g¥ for symbol
simplification. By using Dinkelbach’s method, the objective
function in P1 can be converted into a subtractive form. Thus
P1 can be transformed into

p1(h1 + p1pg1) :
101 1091
P2 max log, (1—1—02 )—n<;pi+Pc>

P1,p2,p

p2(ha + pga) )
+lo 1+ —
82 ( p1(h2 + pg2) + 02
s.t. Cl — C3, 05 : hl - h2 > pgd(gg - g%)a
s - M’hitﬂw) > min

g



min

h _
- p2(ha + pga) min

7 — >
p1(he + pgo) + 02

where Cs can be obtained by substituting (3), (6) into Cs.
Cs and C7 can be obtained by substituting (4), (6) into Cjy.
Even though the problem is more tractable, there are coupling
relationships among different optimization variables. In order
to solve it, we first present the following Proposition.
Proposition 1: For any given system setting and optimiza-
tion variable, the optimal RC, p*, of P2 is calculated as

hi—h
p* = min (1, max (O, ! 2

g9%(g8 — g%))) '

Proof: Please see Appendix A.

Remark I: The proposed Proposition 1 serves two purposes.
Firstly, we provide a closed-form expression for the optimal
RC and hence get the optimal RC using the above closed-form
expresssion without requiring any iterative algorithms, which
reduce the computational complexity significantly. Secondly,
we can get more insights about on the optimal RC. For
example, when p* = 1, the optimal RC can be obtained when
the BD is close to user 1, namely, by +g%g% > ho+g?g% from
Cs. Since the data rate of user 1 has no co-channel interference
in (4), it can further increase the sum rate of users. When

= (h1 — h2)/(9%(g% — g%)), g% > g% means that the BD
is closer to user 2.

€))

(10)

B. Optimal Power Allocation

When p = 1, we obtain P3. When p =
(hy — h2)/(g%(g% — g%)), we obtain P4. According
to the proposed Proposition 1, we denote h = p =

— ha/(g(g2 — ¢1))- Then P2 can be equivalent to the
following two power allocation optimization problems, i.e.,

_ 2
p1(h1 + g1)
P3 max10g2 (1 + 02) -—n (Z_lez + Pc)

P1,p2

p2(he + g2) )
+1lo 1+ —F/———"—
g2< p1(he + g2) + 02 (11)
h q .
s.t. CQ — 03, Cﬁ : ]71(17;'91) Z inm?
ag
07 . pQ(h2 +g2) énin7

p1(ha + go) + 02 ~

2
p1(h1 + hg1)
P4 maxlog, (1 + — 2 ) ;pi + P,

P1,P2
p2(ha + hg2) >
p1(he + hge) + o

p1(h1 + hg1)
o2

+ log, <1 +

s.t. CQ - 03, C’ﬁ :

oap p2(h2 + hga)
“pi(he +hge) + 02 T

> i,

min
2 )

12)

It is noted that P3 and P4 have the same structure in which
there are the concave objective function and linear constraints
except for the second item of the objective function.
Proposition 2: For any given system settings, de-
fine hy = hy + hgs, the function G(py,ps) =

logy (1 + p2ha/(p1he + 0?)) is a non-convex or non-concave
function.

Proof: Please see Appendix B.

In order to make the problem traceable, by applying the
quadratic transformation [15], P3 and P4 can be converted
into the convex form as

1 1 i + P,
s o (17251 ) - (ZP+>

+ log, (1 + 2y\/p2hs — y* (p1ha + 02)) (13)

s.t. Cy — C3, Cg :prhy > o?yin,

min

Ps

2 mln

Co : paha > prhoys™ + o243

where y is a non-negative auxiliary variable. hi = hy + Bgl,
ho = hy + hgs and h = min (17 g;gf ) For the fixed p;, the

optimal solution to y is

y* __V p2ﬁ2

pihs + 0?2’

(14)

which is equivalent to

v/ p2(h2+gg2) -1

* _ p1(h2+gg2)+o??

\/P2(g92h1—g1h2)/(92—91)
p1(92h1—g1h2)/(g2—g1)+02’

5)

_ _hi—hy
9(g92—g1)

For the fixed y, PS5 is a convex optimization problem.
which can be effectively solved by the CVX tool. However, to
further analyze the system performance, we solve it by using
Lagrange dual approach to get the closed-form solutions. The
Lagrangian function of PS5 can be written by

_ 2
L(pl,pQ,y,Oé,ﬂ,A) = 10g2 (]‘+ p(IT}QLl) - <Z bi +P(:)
=1

_ _ 2
+log, (1 + 2y\/p2h2 — y*(prhs + 02)) +a (P - pz')
s X _ _ . 1=1
+8 (prhy — ™) + A (p2ha — prhoyd™ — o?5"")
(16)
where «, 8 and \ are the non-negative Lagrange multipliers.
Define the dual objective D(c«, 3, A) as the solution to the

following:

D(aaﬁ7)‘) = Imax L(p17p27y7a767)\)' (17)
P1,D2,Y
The dual optimization problem is:
min D(a, 8, ), s.t. «>0,8>0,\>0. (18)

a,B,A
According to Karush-Kuhn-Tucker (KKT) conditions [16],

the optimal power p; and ps can be calculated by OL/0p; =0
and OL/0ps = 0, respectively, i.e.,

_ +
_ A4-|—\/A?l+4h1h2y2(A102—A3/A2) (19)
P 2h1 hay? ’
+
. [B2+4B;s— B,/BZ13B; 0,
P2 = 8B2h, ’
where [z]T = max(0,z), Ay = 1+ 2yv/p2he — y?0? Az
N+ a+ Mgyt — 8, Ag = hy Ay — y2hoo?, Ay = %+



y2h20'2 — hlAl, Bl = n +a— )\hg, BQ = Bl(l — y2(p1h2 +
0'2)), and B3 = Alyhg.

Remark 2: For the fixed channel parameters, if p; increases,
B> decreases and ps increases based on (20). The reason is
that the larger p; means user 2 suffers from severe interference
from user 1, and the transmit power of user 2 has to be
increased to overcome the effect of such interference for
guaranteeing the minimum QoS requirement of user 2 from
C.

Based on the subgradient methods, the Lagrange multipliers
can be updated by

2 +
attl = [oﬁ —dy(t) x (P - Zpi>] , Q1
=1

ﬁt-i-l _ [ﬁt — do(t) % (plhl _ 0,2,71nin)j|+’

A=A = dy(t) x (p2he — prhons™ — UQVénin)]+7
(23)
where t denotes the iteration number. d;(t),d2(t) and ds(t)
are the positive step sizes at the ¢-th iteration. The algorithm
can be guaranteed to converge to the optimal values when the
steps are chosen to be sufficiently small [17].

(22)

C. Iterative RA Algorithm Design

To obtain the optimal power allocation for NOMA users
and the optimal RC for the BD user, we propose an iterative
algorithm (e.g., Algorithm 1). As shown in Algorithm 1,
under the error tolerance € and the maximum iteration number
Tinax, we solve PS5 under the fixed  and y during each
iteration and obtain the optimal solutions by the Lagrange
dual approach. The optimal solutions are obtained when
25:1 logy (1 +7isi) — 1 (2?21 Di + Pc) <eort =Ty
is reached.

IV. SIMULATION RESULTS

In this section, we provide numerical results to illustrate
the performance of the proposed EE-based BackCom scheme
with NOMA users. The simulation settings are as following:
the channel gain is the same as [18], € = 1076, 02 = —100
dBm, 4" = 4pin = 2 dB, P, = 1 mW [19]. The
unit bandwidth is considered for simplicity. For performance
comparisons, we consider the pure NOMA scheme (e.g.,
g = 0, without BackCom) and the pure backscatter scheme
with the orthogonal multiple access (OMA) technique.

Fig. 2 shows the total EE of NOMA users versus the channel
gain from the BD to user 2. From the figure, the total EE of
users increases with the increasing channel gain from the BD
to user 2, i.e., g5, when g& < gf. The RC is p = 1, which
does not affect the performance. However, the total EE of users
increases when the channel condition between the BD and user
2 is improved. When g3 > g}, the total EE of users is the
same for the same g}' because the effect of direct channel gain
g is canceled by the expression p* g¢. Moreover, the total EE
of users under g = 0.45 is larger than that under gj' = 0.3
subject to the same channel gain from the BS to the BD.

Algorithm 1 Our proposed iterative RA algorithm.

Input: h17h27ga91792’ Pc’ 02’ Pv ’Y{ﬂin ,yénin.
Output: optimal p7, p3, p*.
1: Set Thax, €, t =0, =0.

2: Initialize «(0), 8(0), A(0), d1(0), d2(0), d3(0).

3: repeat

4: if go > g1 then - -

5: Sft p* = 9?9121]—;21), hi1 = h1 + p*ggl, and hy = ho +
P 992.

6: else

7 Setp* =1, hi=h + 991, and ho = ho + 99>.

8: end if

9: Solve the problem P5 with the fixed 7.

10: Update the auxiliary variable y by (14).

11: Update the transmit power p; and ps by (19) and (20).
12: Update the Lagrange multipliers «, 5 and A by (21)-(23).
134 320 logy (14 7imi) = (S0, pi+ P ) < < then
14: Set Flag=1 and return.

15: else S lom(i :

: = — 21108 (IH7imi) —
16: Sethlag—O, n 7, 0t P) and t = ¢+ 1.
17: end i

18: until Flag=1 or ¢t = T}y,x.

Fig. 3 presents the relationship between the total EE
achieved by NOMA users versus the channel gain between
BS and user 1 under the fixed P = 1 W. From the figure,
the total EE of users increases with the increasing h;. Since
larger hy refers to higher RC to improve the backscatter data
rate. Furthermore, the proposed algorithm performs the best in
terms of EE achieved by considering NOMA and BackCom
simultaneously. The OMA scheme is the worst one. Because
the NOMA scheme can reduce the co-channel interference by
the SIC at the receiver, the EE becomes larger than that of the
OMA scheme. Furthermore, the proposed scheme not only
considers the NOMA transmission but also the backscatter
communication for the high EE.

Fig. 4 shows the total EE of NOMA users versus different
maximal transmit power budget at the BS with the fixed
hy1 = 0.5. From the figure, the proposed scheme achieves the
highest EE compared to the pure NOMA scheme and the OMA
scheme. Moreover, the total EE degrades with the increasing
transmit power budget at the BS. With increasing transmit
power budget P, the feasible region is enlarged for improving
data rates of users. Moreover, the EE of each user decreases
with the transmit power budget at the BS.

V. CONCLUSIONS

In this paper, we investigated the downlink transmissions
of NOMA-based BackCom systems. In order to maximize
the total EE of NOMA users, we have formulated it as an
optimization problem. By proposing a new iterative algorith-
m, we have obtained the optimal RC of backscatter device
and power allocation for NOMA users. It has shown that
the NOMA-based BackCom scheme outperforms the NOMA
scheme without backscatter way, and the OMA scheme in
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terms of EE, which could be used to extend the network
lifetime.

APPENDIX A
THE PROOF OF PROPOSITION 1

Define F' = Fy + Fy, Fi(p) = log, (1 + %) A=

p1(ha + pg2) + 02 and Fy(p) = log, (1 +
thus we have the first-order derivations, i.e.,

p2(h2+pg2)
p1(h2+pg2)+o? )°

o P1g1
it _ >0, Al
dp  In2(pihy + p1pg1 + 02) (
o0F, p2§202
772 — > 0. (A.2)
dp  In2(A2+ A(pshe + p2pg2))
Thus, we have the second-order derivations, i.e.,
92 F g1)°
21 _ (plgl) 5 < 0’ (A.3)
dp In2(p1h1 + p1pg1 + 02)
O*F, _ 2023 (A(2p1 + p2) + pip2(h2 + pG2)) <0
Op? In2(A2 + A(pahs + p2pga))”
(A4

Therefore, F' is a concave function with respective to p and an
increasing function with the variable p € [0,1]. As a result,
the maximum value of the objective function in P2 can be
determined by the upper bound of the RC. According to Cj-
C7, we have p < % if g& > g}. Accordingly, the
m when hy — hy < g4(g¥ — g¥).
When hy — hy > g%(g% — g¥), the optimal value is p* = 1.
When g5 < g, the constraint C'5 is always established since
p > 0. Under this case, the optimal RC is p* = 1.

optimal RC is p* =

APPENDIX B
THE PROOF OF PROPOSITION 2
According to the first-order derivation, we have g—sz =
h G _ h _ h
m all(.fl 87;01 - (P1+P2)252+02 plizzizﬂ' Thlls, the
second-order derivations are
9°G _ 9°G _ 9°G _ B% <0
A S P O
(B.1)
0’°G h3(paha + 2(p1h 2
p2hi(paha + 2(p1he + 0?)) o0 @B

ap% B In 2(([)1712 + 02)(p1712 + o2 +p252))

Channel gain from the BS to the user 1 (h )

Fig. 3. Total EE versus channel gain hj.

1
05 055 06 065 07 075 08 08 09 095 1
Maximum transmit power of the BS (W)

07 075 08 08 09 095 1

Fig. 4. Total EE versus transmit power P.

Therefore, G(-) is a non-convex or non-concave function,
which is the difference of two concave function (i.e., D.C.
function), e.g., G = logy (1 + (p1 + p2)ha + ) — logy(1 +
prhe +0?).
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