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Abstract—In this paper, we introduce new user-cooperation
schemes for wireless devices in a wireless-powered backscatter
communication network with the aim to improve communication
and energy efficiency for the whole network. In particular,
we consider two types of wireless devices which can support
different communication modes, i.e., backscatter and harvest-
then-transmit (HTT), and they can cooperate to deliver the
information to the access point. To improve energy transmission
efficiency for the devices, energy beamforming is deployed at the
power beacon. We then formulate the weighted sum-rate (WSR)
maximization problem by jointly optimizing time schedule, power
allocation, and energy beamforming. Due to the non-convex issue
of the optimization problem, we employ the variable substitutions
and semidefinite relaxation (SDR) techniques to obtain the
optimal solution. Simulation results show that the proposed
cooperation framework can improve up to 33% communication
efficiency compared with non-cooperation approach.

Index Terms—Energy harvesting, backscatter communication,
user cooperation, energy beamforming.

I. INTRODUCTION

Wireless power transfer (WPT) has been considered to be
a promising way to supply wireless devices with sustain-
able energy. In a wireless-powered communication network
(WPCN), wireless devices can first harvest energy from a
power beacon (PB), and then transmit their information to
the dedicated access point (AP) following the harvest-then-
transmit (HTT) protocol [1]. In [2], [3], user cooperation
was applied in WPCNs to enhance system performance by
exploiting cooperative diversity. However, since both devices
in [2], [3] are the HTT devices, the dedicated energy harvesting
(EH) phase is required, which may reduce the duration of the
information transmission (IT) phase.

Recently, backscatter communication (BackCom) has been
introduced as a novel communication method for IoT net-
works [4]. The BackCom device transmits information to
the AP by modulating and reflecting the incident signals,
which requires less circuit power consumption and makes
its instantaneous harvested energy be sufficient to power its
circuit operation [5]. Hence, the dedicated EH phase is not
necessary, which avoids the limitation of the HTT proto-
col. However, one of the limitations of BackCom is that if
the incident signal is unavailable, information backscattering
(IB) is impossible. To fully exploit the advantages of both
the HTT and BackCom, BackCom has been introduced in
WPCNs [6], [7], where each device can choose to operate
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in either the HTT or BackCom mode. However, IoT devices
are energy-constrained and functionality-constrained devices,
the backscatter and energy harvesting circuits and an adaptive
switch required to support the HTT and BackCom modes may
not be available in practice. Hence, the assumption that the
devices can support both the two modes may not be practical.
Furthermore, both user cooperation and energy beamforming
are not considered in these works, hence the communication
and energy efficiency can not be maximized.

In this paper, we introduce two user cooperation schemes
for the WPCN with BackCom with the aim to optimize
communication and energy efficiency for the network. In
particular, we consider two wireless devices, denoted by HD
and BD, supported to operate in two different modes, i.e., HTT
and BackCom, respectively. We then consider two important
scenarios, i.e., the HD (BD) is located nearer the AP and
can be served as a relay node to assist the BD (HD) to
transmit information due to the low channel quality of the BD
(HD). For each scenario, we formulate the weighted sum-
rate (WSR) optimization problem by jointly optimizing the
time schedule, power allocation, and energy beamforming. To
deal with the non-convex issue of the optimization problem,
we first employ the variable substitutions and design the
optimal energy beamforming vector only for IB or information
forwarding (IF). After that, the energy beamforming matrix
is derived based on semidefinite relaxation (SDR) [11] for
the joint IB and EH which satisfies the rank-one constraint.
Simulation results then show that our proposed cooperation
framework can achieve up to 33% communication efficiency
than that of non-cooperation approach.

II. SYSTEM MODEL AND NOTATIONS

As illustrated in Fig. 1, we consider the WPCN with
BackCom, including a PB, an AP, and two devices, denoted by
HD and BD, supported to operate in two different modes, i.e.,
HTT and BackCom, respectively. The PB with stable power
supply has N antennas, and the two devices are with single
antenna. We consider two cases: (i) the HD is located nearer
the AP than the BD, and it can operate as a relay node,
and (i) the BD is located nearer the AP than the HD, and
it can work as a relay node. Note that the relay node also
needs to deliver its own information to the AP. Moreover, we
assume the relay node decodes the information transmitted by
the other device more easily than the AP, which is useful for
cooperative communication [2]. The channel vectors between
the PB and the BD/HD/AP are denoted as hqj, ho2, and
ho 3, respectively. The channel variables between the BD-HD,
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Fig. 1: System model.

BD-AP, HD-AP, and HD-BD links are denoted as hj, hy 3,
hy3, and g1, respectively. Denote the received signal and
signal-noise-ratio (SNR) at the BD/HD/AP during the p + 1-th
phase for Case g as y, p,q and vy, p 4, Where m = bd, hd, ap,
p=0,1,2,3, and g = i,ii. The achievable rates of the BD/HD
for Case ¢ is denoted by R, ;. The system is considered within
a normalized transmission time block, denoted by 7 = 1.

A. Case i: the HD is located nearer the AP

In this case, we divide the transmission block into four
phases with duration denoted by 7; (i = 0,---,3), where

?:0 7; < 1. During 79, the BD backscatters information to
the AP, while the HD harvests energy. Denote the transmitted
signal of the PB during 79 as wyp;(r) which is expressed
by wo(t) = VPbo,s(r), where P is the transmit power
of the PB, s(7) is a known sequence with unit power, and
Wo,; is the energy beamforming vector during 7y and satisfies
[|400,||* < 1. The received signal at the BD during 7o, denoted
by uo(7), is expressed as ug;(7) = hglwoy,-(r) + Ngn(7),
where n,,(7) is the antenna noise. Denote the own signal
of the BD for Case i as c¢;(r), which is modulated on
up,;(t) by controlling the reflection coefficient ag;, where
E[|ci(t)]?] = 1, aq; is a complex coefficient and |ag;|> < 1.
The received signal at the AP during 7o is then given by
Yap,0,i(T) = ‘/1_’00,1'}11,3thwo,iS(T)Ci(T)+h1,3(¥o,ici(‘f)nan(7)+
\/ﬁh(’;”31i;0,[s(r)+nap(‘r), where hy30,;¢i(T)ngn(7) is the noise
backscattered to the AP, \/I_’hggu?o,,-s(r) is the interference
signal from the PB, ng,(7) represents the additive white
Gaussian noise (AWGN) with zero mean and variance aﬁp.
The backscattered noise power is much smaller than that of
nap(7) due to channel attenuation and is typically negligible.
Moreover, since the AP can also receive wy;s(7), the perfect
self-interference cancellation (SIC) technique' is employed
to subtract the interference signal from yqp0:(7) [8]. The
SNR at the AP during 7y is thus expressed as yupo0; =
P|ao,i|2|h1,3|2|h{)111b0,i|2/0'3p. Similarly, the received powers
from the backscattered signal and noise at the HD are much
smaller than those of the PB and are negligible. Hence, the
harvested energy at the HD is given by Ej, ; = nPlhgzwo,i [>70,
where 7 is the energy harvesting efficiency.

During 79, the direct IB rate from the BD to the AP
may be limited due to the energy beamforming tradeoff
between IB and EH and the far distance between the BD
and the AP. Hence, during the second and third phases, the

1 Generally, the interference can not be canceled completely. However, even
if there exists the residual interference after cancellation, the structures and
conclusions of the aftermentioned results will not be changed.

HD operates as a relay node to transmit IF of the BD,
where the HD first receives the backscattered signal and then
forwards it to the AP via decode-and-forward (DF) operation
following [2]. Since the transmitted signal at the PB during
71 only focuses on IB of the BD, we let the normalized
energy beamforming vector be w;;. The transmitted signal
is thus expressed as wj ;(7) = \/ﬁwl,is('r). The backscattered
signal is received by both the HD and the AP, and SIC is
operated. The SNRs at the HD and the AP during 7 are
respectively given by yuq1i = Plao k2P IR by 202,
and Yap,1,i = P|ozo’,-|2|h1,3|2|hgl1b1,,-|2/0'§p, where o7, is the
noise power at the HD. During the third phase, the HD decodes
the received signal from the BD [9] and forwards it to the
AP. The forwarded signal received by the AP during 7 is
expressed as yqp,2,i(7) = \/Eh2!3c,-(r)+nup(r), where Py ; is
the transmit power of the HD for IF, and the SNR is expressed
as Yap,2,i = Pl,i|h2,3|2/0'§p. During the fourth phase, the HD
transmits its own information to the AP. Similarly, the SNR
at the AP during 73 is expressed as yqp.3,; = Pz,i|h2,3|2/0'§p,
where P,; denotes the HD’s transmit power for its own IT.
Based on the above analysis, the achievable rates of the BD
and the HD are expressed as Rpa,; = Tologs(1 + éVap.o,i) +
min{710g,(1 + &Yap,1,i) + T210g:(1 + EYap2,i) T1logy(1 +
Evnai)} [10] and Rpg; = 13logy(1 + Eyap,3,i), respectively,
where £ is the performance gap due to the practical modulation
and coding scheme [1], [7]. Note that since there exists the
backscattered noise at the AP, the above expressions are the
approximation of the real transmission rate of the BD [5].

B. Case ii: the BD is located nearer the AP

In the second case, we divide the transmission block into
three phases with duration denoted by #; (i = 0, 1,2), where
Z%:o t; < 1. During the first phase, the HD harvests energy
and the BD backscatters information. Denote the normal-
ized energy beamforming vector, the own signal of the BD,
and the reflection coefficient during #y for Case ii as Wi,
cii(t), and aq;, respectively, where E[|c;;(t)]*)] = 1 and
|ag,ii]> < 1. The harvested energy at the HD is given by
Enii = r]PlhgzuA)o’,-ilzto. Similarly, the backscattered noise
is not considered and the SIC is adopted in this case.
The SNR at the AP during 7o is thus given by yup 0 =
Plagil?|h1 517 |h{! bo,ii|*/o;,. During the last two phases,
the IT of the HD is transmitted by the BD. During the second
phase, the HD transmits its information to both the AP and
the BD based on the harvested energy, and the PB keeps idle.
The SNRs at the AP and the BD are thus given by v, 1, =
Pyiilos|* /o, and ypa,1ii = Puiilgiol?/op,. where Py is
the transmit power of the HD and satisfies Py ;;t; < Ep j;, and
0'2 , 1s the noise power at the BD. During the third phase, the
PB is activated, and the BD can forward the information from
the HD to the AP via DF. The subsequent SNR after SIC
is given by yapoii = P|Q'2,ii|2|h1,3|2|hglw2,ii|2/0-2p: where
Wy, ;; is the normalized energy beamforming vector during 1,
as,;; 1s the reflection coefficient during ¢, and |a/2,,-i|2 <1

Then, the achievable rates of the HD and the BD for Case
ii are given by Rpq ;i = min{t;logy(1 + &Eyap,1,ii) + t2 log,y (1 +
EVap2ii) 11108 (1 + Eypa i)}y, and Rpgii = tology(1 +
EYap.0,ii)-



III. WEIGHTED SUM-RATE MAXIMIZATION
A. Case i
We first set the time and energy constraints for network
as follows: Cl1: Z?:o‘fi <1, C2 7 > 0Vi C3: P mn+
Pyi13 < Ep, C4: ||abo,;|)* < 1, and C5: ||aby,|]* < 1. Then,
the optimization problem can be formulated by

max
wo,i,W1,i, P, T

s.t. Cl, C2, C3, C4, C5,

W Rpgi + wrRpa;
(P1)

where T = [T(),Tl,Tz,T3], .P, = [Plyi,Pz,,'], w1 and w7
denote the nonnegative rate weights for the BD and the
HD, respectively. Problem P1 is not a convex optimization
problem because g;, Wi, T, and P; are coupled with
each other. To solve P1, we introduce some new variables
and apply the SDR technique [11]. First, we introduce Rbd,,-,
Rpai, eos and let e1; = Py, ey = Py, W; =
TQ’li\)()’i’li)g’Ii. Hence, we have the following new constraints:
C6: Rbd,i < 1logy(1 + §P|a'0,i|2|hl,3|2|hglwl,i|2/0-3p) +
nlogy(1 + &erilhos|*/(02,1)), CT: Rpai < tilogy(l +
EPlaoi P aP Rl i o), C8: Roai = mology(l +
EPlagil* I sl*e0i/(05,70), C9: Ruai = t3logy(l +
e ilhy3|*/(04,73)), C10: eq; < Tr(ho h{!| W), Cl1: ey +
e < T]PTr(hQ,zh(I):IZVVi), Cl12: Tr(W;) < 19, C13: W; > 0,
and C14: rank(W;) = 1. Then, P1 is recast as

max wi(Rpa,i + Rpa,i) + waRpa,i

Wi, 1i.€i,7,Rpd.i-Rid.i-Rid.i
s.t. C1,C2,C5,C6,C7,C8,C9,C10,C11,C12,C13,C14,

(P2)
where e; = [eq, e1,i, €2,;]. However, Problem P2 is still not a
convex optimization problem due to the rank-one constraint
and the couple of 7 and ;. To handle this, we first
give the following proposition. Denote the optimal solution
for P2 as {W}, &} R RZd,i}’ where e} =

% % P #
1€ T Ry o Ry o

* * * * __ * * * *
[eO,i, €l ez’i] and 7" = [75, 7], 75, T3]
Proposition 1. The optimal energy beamforming vector during
7| is given by ’lf)Tl = ho,1/||ho1ll-

The proof of Proposition 1 can be done by contradiction
theory and is omitted due to the limited space. Then, based on
Proposition 1, C6 and C7 are recast as C15: Rbd,,- < 71logy(1+
£Plaoi 2l 3 PIlRo, [P /02,) 472 logy (1 + e il o /(02,72))
and C16: Rpaq; < 71logy(1 + &Plagil*|hial?llhotll? /o).
respectively. With Proposition 1, P2 is still non-convex due
to the rank-one constraint. The SDR technique is an efficient
approximation technique to convert the non-convex problem
to a convex problem [11]. By relaxing C14 following SDR,
P2 is recast as follows:

w1(Rpa,i + Roa,i) + wrRpai
(P3)

max_
Wi.ei,T.Rpa,isRbd,i-Rhd,i

s.t. C1,C2,C8,C9,C10,C11,C12,C13,Cl15,C16.
Proposition 2. Problem P3 is a convex problem [12].

According to Proposition 2, the optimal solution for P3
can be solved by some standard optimization techniques. In
this paper, we use CVX tools [13] to derive the optimal
solution. The optimal power allocations are further given by

Py. = e,/7; and P;, = ¢;./7;. Then, we compute the
N3 N N .1 5L . .
optimal solution 0, from W;. Note that if W satisfies
the rank-one constraint, w; computed from W/ /7 by eigen-
decomposition is the optimal energy beamforming vector
during 79. Hence, we proceed to show that W always has
the rank-one property in the following proposition.

Proposition 3. The optimal solution W derived from P3 is
a rank-one matrix.

Proof. To show VVl* is a rank-one matrix, we first give the
following optimization problem.

min  Tr(W;)
W;

st ep; < Tr(ho h,Wi), W; =0,
ej;te; < nPTr(ho,zthVVi).

(P4)

Denote the optimal solution for Problem P4 as VVI.T, which
is also a feasible solution for P3. The reason is that there are
more constraints in P3 than in P4, which guarantees that a
feasible solution for P3 is also feasible for P4. Hence, we can
derive that Tr(W,") < Tr(W;) < 7, which shows that W
is a feasible solution for P3. Furthermore, since the objective
function of P3 is a function of e;, 7, I?;,d,,-, Rpai and Rpg;,
we can derive that {VVl.T, e, T ﬁZd,i’ de’i, de’i} is also the
optimal solution for P3, i.e., VV: = W;. According to the
theorem given in [[14], Theorem 3.2], we then show that I/V;r
is a rank-one matrix. Since there exists an optimal solution
VVI.T satisfying (rank(VVl.T))2 < 2, we derive that VV; #0is
rank-one. Hence, rank(W;) = 1. O

B. Case ii

Similar to the first case, we add the following constraints:
Cl7: Y7ot < 1, CI8 t; > 0Vi, C19: Pist; < Eps,

C20: |ao,;|> < 1, and C21: |ai,;;]*> < 1. Then, the optimiza-
tion problem for Case ii is formulated by:

_ max W1 Rpgii + W2 Rpaii
Wi, Pyiist (P5)
s.t. Cl17, C18, C19, C20, C21,
where ’li)ii = [’li)(),ii, 11\)2’1','] and t* = [l‘g,tiﬁ,l;].
Following the similar approach for Case i, Problem

PS5 can be solved as follows. We introduce auxiliary
variables th,ii’ €0,ii> €l,iis and let €, = Pl,iitl’
Wi = rowo,iiwgﬁ. Then, we introduce the following
new constraints C22: 1 log,(1 + fez,ii|h2,3|2/(0'§ptl)) +
nlogy(l + EPlagiilPlhis PRl @il /02,) = Ruais
C23:  nlogy(l + Eersilgal?/(o} 1) > Rna,ii,
C24: ep;i < Tl’(ho’ghgzmi), C25: eLii < Tr(ho’lh(l):ll Wii),
C26: Rpaii = t010g2(1 + fpla'o,ii|2|h1,3|2€1,ii/(0—§pt0))’
C27: eri < nPeii, C28: Tr(Wy;) < 19, C29: Wy; = 0, and
C30: rank(W;;) = 1. Then, PS5 is recast as:

max W1 Rpa,ii + W2 Rpa i

Wii,iis€iit. Rpa,ii-Rna.ic
s.t. C17,C18,C21, C22,C23,C24,
C25,C26,C27,C28, C29, C30,

(P6)



where e;; = [eqi, 1.1, €2,ii]. Denote the optimal solution for
* * * * * D* *
Problem P6 as {W, w; €5 t ,Rbd’ii, th’ii}, where e}, =
* * * ko * * * M 3 .
[eo,!.l., €l i ez’ii], a?nd t' = [tq, .tl, tz]. Similar to Case i, we can
derive the following Proposition 4.

Proposition 4. The optimal energy beamforming design dur-
ing tp is given by 'LIJ;’”. = ho,1/||ho1ll-

Based on Proposition 4, C22 is rewritten as
C31: 1 10g2(1 + féz’ii|h2,3|2/(0'2pt1)) + B 10g2(1 +
fPlazyii|2|hL3|2|h0,1|2/0'3p) > Rpaii- P6 is then reformulated
as P7 without considering C30.

max W1 Rpgii + W2Rpaii

Wii.eii.t.Rpa,ii-Rna,ii
s.t. C17,C18, C23,C24, C25,C26,C27,C28,C29, C31.

(P7)

It can be proved that P6 is a convex problem [12], hence the
optimal solution of which be solved by CVX tools [13]. Based
on the derived solution, the optimal power allocation is given
by P}, = ezii /] and the optimal energy beamforming vector
during o is derived from W;/t; by eigen-decomposition since

W is a rank-one matrix.

IV. SIMULATION RESULTS

In this section, simulation results are given to evaluate the
performance of the proposed schemes. The simulated network
topology is a 2-D plane, where the position of each node is
described with its coordinate (x,y). The coordinates of the PB,
the AP and the two devices are given as (0,10), (10,0), (0,0),
and (2,1), respectively. All channels are modeled following
Rayleigh fading with distribution CN(0,d,,), where « de-
notes the path-loss exponent and is set at 2, and d, , is the
distance between two nodes m, n. We assume (rgp = O'Z 4=
op, = =40 dBm, n = 0.7, |ag|* = laoil* = lagil* = 1,
¢ =-5dB [7], and N = 10. The proposed schemes under Case
i and Case ii are denoted as ‘proposed scheme i’ and ‘proposed
scheme ii’, respectively. The scheme that both devices are the
HD devices [3] and the non-cooperation schemes for Case i
and Case ii are used as the benchmark schemes.

Fig. 2a shows the WSR versus P with w; = wy = 0.5.
It can be observed that the results obtained by two proposed
schemes are superior to those of the benchmark schemes. This
is because the time of information delivery is extended since
the dedicated EH phases for both proposed schemes are not
required and user cooperation can enhance the system WSR.
Moreover, the WSR of the proposed scheme ii is larger than
that of i. This is because for the proposed scheme i, the channel
conditions of the BD for IB are worse and the harvested energy
of the HD are used for transmitting its own information and
forwarding the information of the BD, which limits the WSR.
While, for the proposed scheme ii, the channel conditions of
the BD for IB are better, and the harvested energy of the HD
is only used for its own IT. Hence, the proposed scheme ii
can achieve a larger WSR. Fig. 2b shows the effect of w;
on the system WSR with P = 20 dBm. From Fig. 2b, we
observe that the WSR of the proposed schemes are larger than
those of the benchmark schemes, which shows the superiority
of the proposed schemes. Since changing w; can guarantee
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6 Scheme in [3] 7 Scheme in [3] - @
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Fig. 2: Performance evaluation.

user fairness, we conclude that guaranteeing user fairness may
degrade the system WSR.

V. CONCLUSION

We have proposed two user cooperation schemes in the
WPCN with BackCom, where one device is the BD and
another device is the HD. We have considered two cases
in which either HD or BD is located nearer the AP and it
can serve as the relay node for another node in forwarding
information to the AP. Two WSR optimization problems have
been formulated to jointly optimize the time schedule, power
allocation, and energy beamforming vectors. Then, the variable
substitutions and SDR technique have been developed to ob-
tain the optimal solution. Finally, simulation results have been
provided to evaluate the efficiency of the proposed schemes.
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