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Abstract—Bistatic backscatter communication is emerged as
a promising technique to significantly enlarge the lifetime of
Internet of Things (IoT) network due to its inherently low-power
passive component. However, the effective communication range
is limited to only several meters. This article studies the tag circuit
shunt network, and propose three modes, namely series mode,
parallel mode, and mixed mode, to adjust circuit load impedance
of the tag to extend the communication range as well as address
the integrated circuit (IC) power supply problem. Specifically, we
formulate the bit error rate (BER) minimization problems for
the three modes by changing the reflection coefficients, subject to
power supply constraint. The resulting problems are shown to be
nonconvex fractional optimization problems, which are hard to
be solved optimally in general. We first obtain a globally optimal
solution to the series mode problem by exploiting the hidden
monotonic structure based on monotonic optimization theory.
Subsequently, we propose a low-complexity iterative suboptimal
algorithm for the three modes based on the successive convex
approximation (SCA) techniques. Numerical results show that
when the direct link is available, the mixed mode outperforms
the parallel mode and series mode, and can adaptively adjust
the reflection coefficient to satisfy the requirement of IC power
supply. In contrast, when the direct link is unavailable, the series
mode is the best choice in terms of IC power supply. In addition,
traditional on-off keying modulation is shown to be suitable for
a low IC power supply, whereas a shunt network is necessary
for high of power supply. Furthermore, the performance of SCAbased method closely approaches the optimal solution while with
much lower complexity.
Index Terms—Bistatic backscatter communication, coefficient
reflection, Internet of Things (IoT), monotonic optimization,
successive convex approximation (SCA) technique.
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I. I NTRODUCTION
O ACHIEVE self-sustainable and green communication
in the future, a variety of wireless technologies has
been proposed in the past such as wireless power transfer (WPT) and simultaneous information and power transfer
(SWIPT) [1]–[5]. Although such technologies are able to
provide reliable and efficient power supply, it poses new challenges for a design of a low power consumption device.
The [6] showed that the power obtained from the WPT technology ranges from 1μW to tens of μW, whereas the Internet
of Things (IoT) device transmit power is typically in the order
of milliwatt. Therefore, the utilization of battery-free devices
for long endurance is still an open problem.
A new technique called backscatter communication has
been receiving increasing attentions both from academia and
industry for its low power circuit power consumption [7].
Different from the traditional WPT technique where a device
harvests energy from the radio frequency (RF) source with
help of active RF components, the backscatter device transmits its data by modulating its information on the external
RF signal, and then backscatters the modulated signal to
the receiver [8]–[11]. Generally, the backscatter communication consists of three configurations, namely monostatic
backscatter, bistatic backscatter, and ambient backscatter configurations [10]–[12]. The monostatic backscatter configuration consists of two components, i.e., a tag and a reader,
where the reader generates a dedicated RF wave to the tag,
and the tag rides its own data on the wave back to the reader.
In the bistatic backscatter configuration, the backscatter transmitter modulates its own data on the RF signal transmitted
by the carrier emitter and transmits the mixed signal to the
backscatter receiver. The advantage of the bistatic backscatter
configuration is the reduced doubly near-far effect [13]. Also,
in the ambient backscatter configuration, the carrier emitter is
replaced by the ambient resource such as a TV tower,a base
station, and a WiFi access point. Typically, the backscatter
tag can be classified into active tag, semi-passive tag, or passive tag [10], [14]–[16]. The active tag equipped with power
amplifier that can enlarge the transmission range, but it incurs
high power consumption and cost. To reduce the circuit power
consumption and the cost, the research of sem-passive and/or
passive is attracting great attention by removing the active
components such as the power amplifier, which is able to
significantly enlarge the lifetime of self-sustainable communication. In addition, different from the semi-passive tag, the
passive tag has no internal power source, which faces new
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challenges such as the IC power supply and the limited communication range issue. As such, we focus on the IC design
based on passive tag in this article.
For typical backscatter communication systems, extending
the field coverage is one of key challenges. Unfortunately, the
communication range between a interrogator and a backscatter transmitter is always limited to the only several meters
due to its passive communication circuit. The promising technologies that can enlarge the backscatter communication range
include multiple-input multiple-output (MIMO) technique,
high order modulation technique, and integrated circuit (IC)
design [17]–[22]. For example, the tag equipped with multiple
antennas equipped was studied in [17], where a closed-form bit
error rate (BER) expression is derived. He et al. [18] extended
to the case of a multiple-antennas reader as well as a multipleantenna tag. In order to increase data rate as well as reduce
the false alarm probability, Daskalakis et al. [19] investigated
a high order modulation technique to modulate the ambient
backscattered FM signals. It was shown in [20] showed that
the M-ary QAM provided the benefits of higher spectral efficiency, higher data rate, and lower on-chip symbol clock rate.
The design of a transponder IC by using a different voltage generator topology was studied in [21]. Their numerical
results indicated that a design of a voltage multiplier involves a
tradeoff between power efficiency and useful impedance. An
experimental test was conducted in [22], where the authors
used the Smith chart to change the antenna and chip impedance
for designing the power efficiency of the tag. It is worth
pointing out that different from the monostatic backscatter
system, there exist an additional channel link, namely emitter
carrier-backscatter receiver link, in bistatic/ambient backscatter systems, which makes a great challenge to detect the
modulated symbols coexisting with strong interference. The
work [23]–[25] provided a fundamental study of noncoherent
signal detection in the ambient backscatter. However, all the
above work assumed that the tag switches between two conditions, mismatch and match, with the reflection coefficient
being either 1 or 0. Chakraborty et al. [26] showed that the
reflection coefficient can be continuously adjusted by changing
the load impedance, which significantly extends the communication range. It is worth noting that the backscatter differs
significantly from the full-duplex amplify-and-forward (AF)
relay. First, the full-duplex AF relay acts as a helper that
assists the transmission between transmitter and receiver, while
the backscatter tag is a source that transmits its own signal
to the receiver with the help of the sinusoidal signal generated by the transmitter [8]. Second, the full-duplex AF relay
assists the transmission from the transmitter to the receiver
by amplifying and regenerating signals, while the backscatter
tag modulates its own information bits onto the received sinusoidal signal (generated by the transmitter such as TV station,
cellular base stations, WiFi access point, etc.) by intentionally
changing its amplitude and/or phase, and reflects the modulated signal back to the receiver. Third, the full-duplex AF
relay comprises power-hungry RF chains such as amplifiers,
mixers, and digital-to-analog converters, the power consumption of the full-duplex AF relay is typically from the tens of
milliwatts to the several watts, while the backscatter tag has

Fig. 1. Backscattering mode of a tag in the mainbody, where the red-dashed
and blue-dashed rectangle respectively denote the antenna impedance and IC
impedance.

no such power-hungry components, its power consumption is
typically from 1 microwatts to tens of microwatts [10]. In
addition, the reconfigurable intelligent surface (RIS) also differ significantly from backscatter, since the RIS acts as a helper
that enhances the existing communication link performance by
providing passive beamforming gain instead of delivering its
own information by reflection [27]–[32].
Motivated by the above observations, in this article, we consider the bistatic communication system consisting of a RF
source, a tag and a reader. The tag receives the signal from the
RF source, modulates its own information on the this signal,
and then backscatters the modulated signal to the reader. We
assume that the tag’s reflection coefficient (backscatter power)
is continuously controlled via changing its load impedance
by the logical unit. We develop three backscatter modes controlled by the tag logical unit with different types, namely
series mode, parallel mode, and mixed mode, as shown in
Fig. 1. For the series/parallel mode, the symbols “1” and “0”
are backscattered with two different values of Rmod . For the
mixed mode, the symbols are backscattered by switching to the
parallel and series mode. At the reader side, the reader simultaneously receives two component signals, one from RF source
and the other from tag’s modulated signal. To address the
direct link interference, Parks et al. [33] leveraged two antennas at the reader to distinguish the modulated signal and the
interference signal. A self-interference cancellation technique
is applied in [34] to alleviate the direct link interference.
Compared to [33] and [34], our work allows the tag
information to be detected with low complexity as well as
simple hardware implementation based on the noncoherent
technique. In addition, we also consider the IC’s power supply problem which is ignored in existing literatures. Although
the tag power consumption is small, the results shown in [21]
indicate that the load impedance magnitude is directly related
to the efficiency of RF input signal conversion. It is worth
noting that our work is different from [26], which applied
the shunt network design in monostatic backscatter systems.
In this article, we extend the shunt network to the bistatic
backscatter system by taking into account the impact of direct
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link interference as well as IC power supply. To the best of
our knowledge, there is no existing work to study a bistatic
backscatter shunt network with the IC’s power supply constraint. The main contributions of this article are summarized
as follows.
1) We first develop three backscatter modes, namely series
mode, parallel mode, and mixed mode, to backscatter
tag’s information with a dedicated shunt network. A simple detector for the receiver in the bistatic backscatter
system is studied, and a closed-form BER expression
is obtained. In addition, taking into account the IC
power supply constraint, a BER minimization problem
is formulated for each backscatter mode.
2) The resulting three problems are all nonconvex, which
are hard to be solved optimally in general. However,
for the series mode problem, we equivalently transform the nonconvex problem into a canonical monotonic
optimization problem, and then apply polyblock outer
approximation (POA) method to approach the optimal
solution. For the parallel/mixed mode problem, since
the monotonic structure does not exist, we propose a
low complexity iterative algorithm by using successive
convex approximation (SCA) techniques.
3) Several useful insights are observed from numerical
results. First, the proposed three modes achieve much
lower BER compared to the conventional schemes.
Second, the results show that the mixed mode outperforms the parallel mode and series mode, and can
adaptively adjust the reflection coefficient to satisfy the
requirement of the IC supply power. Furthermore, we
find that the traditional on-off keying (OOK) modulation
is suitable when tag IC power supply is low, whereas
a shunt network is necessary when the tag IC power
supply demand is high. In addition, the performance of
the SCA-based method closely approaches the optimal
solution with much lower complexity.
This article is organized as follows. Section II introduces
the system model and problem formulation. In Section III, we
present the problem for series mode, and a globally optimal
solution and a suboptimal solution are obtained. Section IV
and V solve the parallel model and mixed mode problems by
using the SCA technique. Numerical results are illustrated in
Section VI, and the conclusions are given in Section VII.
Notations: A distribution of a circularly symmetric complex Gaussian (CSCG) variable with zero mean and variance
σ 2 is denoted by CN (0, σ 2 ). {x} denotes the real part of
a complex number x. f (x|y) indicates the probability density
function (PDF) of x conditioned on y. ⇒ is the deductive
notation, and ↑ (↓) denotes the increasing (decreasing) notation. x ↑ (↓) ⇒ y ↑ (↓) denotes that if a real number x is
increasing (or decreasing), we can derive that a real number y
is increasing (or decreasing).
II. S YSTEM M ODEL AND P ROBLEM F ORMULATION
A. Channel Model
Consider a general bistatic backscatter communication
system which consists of a RF source, a tag and a reader

Fig. 2.
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Bistatic backscatter communication system model.

as shown in Fig. 2. All three devices are equipped with one
antenna. The tag transmits its own data to the reader by riding
on the signals transmitted by the RF source. Let us denote
the channel coefficients of the RF source-tag link, the tagreader link, and the RF source-reader link as hst , htr , and hsr ,
respectively. Different from the cellular network, in the bistatic
backscatter systems, the transmission range is typically within
only a few meters, and thus the line-of-sight (LoS) channel is
dominated, and thus the free-space path loss model [9], [26],
[35]–[39], is given by


Gt Gr λ2
2π dil
(1)
hil = i l 2 exp −j
λ
(4π dil )
where Gti and Grl , respectively, denote the transmitter antenna
gain of node i and receiver gain of node l, {il} ∈ {st, tr, sr},
λ is the wavelength in meters, and dil represents the distance
between node i and node l. Due to the simple architecture of a
tag, the transmission rate of the tag is usually much lower than
the Nyquist rate of RF source sampled at the reader. Without
loss of generality, we assume that any backscattered symbol
at the tag remains unchanged over N consecutive RF signals.
Specifically, at the RF source side, the transmitted RF band
signal at the nth sampling time slot is given by


(2)
s[n] =  x[n]ej2π ft[n]
where x[n] is the baseband signal with x[n] ∼ CN (0, Ps ), f is
the carrier frequency.
The RF signal received by the tag is given by


(3)
y[n] = {hst s[n]} =  hst x[n]ej2π ft[n] .
Note that the received noise at the tag is neglected in (3) since
the tag is passive and does not contain components such as
analog-to-digital converters and power amplifiers [9], [40].
B. Backscatter Mode
Different from the traditional transmitter that generates new
RF radios, the tag modulates its symbols on the received signals by intentionally changing its amplitude or phase, and then
reflects the modulated signals back to the reader [8], [40].
The tag is capable of switching between two different load
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impedances with Z0 for symbol “0” and Z1 for symbol “1.”
The backscattered signal by the tag is given by1
yb [n] = ηi y[n]

(4)

where η represents the tag scattering efficiency [9], i (i ∈
{0, 1}) denotes the reflection coefficient for the tag backscattered symbol, namely 0 for symbol “0” and 1 for symbol
“1” [19], [25]. The details of the reflection coefficient are
discussed later.
The backscattered signal received by the reader can be
expressed as2


(5)
yr [n] =  (ηTi hst htr x[n] + hsr x[n] + ñr )ej2π ft[n]
where ñr represents the normalized noise received by the
reader with ñr ∼ CN (0, 1).
C. Reflection Coefficient Design
As can be seen in Fig. 1, the complex antenna impedance
of a tag based on Thevenin equivalent can be written as
Za = Ra + jwLa

(6)

where Ra and La , respectively, indicate the antenna resistor
and inductor, and w = 2π ft[n] stands for the circuit operating
frequency. Also, the complex IC impedance of a tag can be
obtained as
1
(7)
ZI = RI − j
wCI
where RI and CI stand for the IC resistor and capacitor,
respectively. To maximize the tag power supply, the antenna
impedance typically matches to the IC impedance, namely
Za = ZI∗ . Otherwise, a power-matching network is needed
for accomplishing conjugate match [26], [36]. Here, Rmod is a
resistor that acts as a shunt network. We define R mod = mxi Ra
for i = 0, 1 and x ∈ {s, p}, where mxi is the impedance
modulation index accounting for backscattering symbol “i”
for mode x with s and p representing series and parallel
mode, respectively. Based on this, the reflection coefficient
for backscattering symbol “i” for both modes are, respectively,
given by
R mod + Za − ZI∗
mi
= i s
R mod + Za + ZI
ms + 2

(8)

R mod + Za − ZI∗
1
.
=− p
R mod + Za + ZI
2mi + 1

(9)

is =
and
p

i =

Remark 1: In the bistatic backscatter system with the series
mode, there is one commonly-used OOK modulation which is
1 Note that the tag only has passive components such as capacitance, inductance, and resistance, there is no time delay between the received signal and
the transmitted signal at the tag [8], [26]. In addition, due to its passive property, the noise power at tag is ignored. This passive reflection is similar to
the RIS [41].
2 The effective backscatter communication range is typically limited to tens
of meters. The relative transmission delay between the source-reader link and
the source-tag-reader link can be ignored compared with the symbol duration,
thus the signals from two different paths can be coherently added at the
receiver.

Fig. 3.

RF band to baseband conversion.

a special case of amplitude shift keying (ASK) [9], [35], [42].
Specifically, the amplitude values of two reflection coefficients
are different. One is 1 = 1 with R mod → ∞ corresponding to the open circuit case, while the other is 0 = 0 with
R mod = 0 without shunt network. However, this OOK modulation cannot always satisfy the requirements of the IC power
supply, whereas the shunt network would play an important
role in controlling the power for reflecting and supplying.
D. Signal Detection
We assume that the transmission delay of the signals from
the RF signal source and the tag is known by the reader.
Therefore, the phase distortion changed by the propagation distance can be compensated at the reader.3 The received signals
at the reader in (5) can be expressed as




yr [n] = 
(10)
ηi h̃tr h̃st + h̃sr x[n] + ñr ej2π ft[n]
where h̃il = [(Gti Grl λ2 )/(4π dil )2 ], {il} ∈ {st, tr, sr}.
The reader then filter outs high frequency signals and the
low frequency signals remain after the lowpass in-phase and
quadrature components as shown in Fig. 3. At the end of the
down converter, we have


ηi h̃tr h̃st + h̃sr x[n] + ñr
.
(11)
ỹr [n] =
2
For different backscattered symbols, the backscattered signals
received at the reader have different amplitude values as
⎧

⎪
⎨ η1 h̃tr h̃st +h̃sr x[n]+ñr
, for symbol 1
2 
ỹr [n] = 
(12)
h̃
h
+
h̃
η
x[n]+ñ
⎪
tr
st
sr
r
0
⎩
, for symbol 0.
2
It is not difficult to check that
⎧

2
⎪
η1 h̃tr h̃st +h̃sr Ps +1
⎪
⎪
CN 0,
, for symbol 1
⎪
⎪
4
⎪
⎨
ỹr [n] ∼

2
⎪
⎪
⎪
η0 h̃tr h̃st +h̃sr Ps +1
⎪
⎪
⎪
, for symbol 0.
⎩ CN 0,
4
(13)
3 A simple way to implement it is that we can set phase offsets at the
RF source and tag in advance. Note that the phase shifters only need to be
changed once over the whole period since the transmission delay for the RF
source-reader link, the RF source-tag link, and the tag-reader link is only
related to the locations of the devices.
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Collecting
with N sampling signals, we denote ỹr =
N
2
n=1 |ỹr [n]| . Obviously, a random variable ỹr is the sum of
N independent identically distributed (i.i.d) central chi-squared
random variables with two degrees of freedom. We term the
backscattered symbol “1” hypothesis as H1 and symbol “0”
hypothesis as H0 . Based on [43], the expectation and variance
of |ỹr [n]|2 are, respectively, given by


(14)
E |ỹr [n]|2 = σi2 , under Hi , i = {0, 1}
and



var |ỹr [n]|2 = σi4 , under Hi , i = {0, 1}

(15)
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2 2
2
2
For a large value N, ỹth
r approaches [(2Nσ1 σ0 )/(σ1 + σ0 )],
and the BER in (21) thus can be approximated as

Pe ≈ Q
=Q

√ σ12 − σ02
N 2
σ1 + σ02
√

N

Ps |h1 |2 − Ps |h0 |2
Ps |h1 |2 + Ps |h0 |2 + 2

(23)

p

where hi ∈ {hsi , hi }, and hxi = ηix h̃tr h̃st + h̃sr for i ∈ {0, 1} and
x = {s, p}. In Section VI, the accuracy of the approximation for
Pe is evaluated, and the results show that satisfactory accuracy
is obtained.

2

where σi2 = [((ηi h̃tr h̃st + h̃sr ) Ps + 1)/4].
Especially, for a large N, ỹr follows a normal distribution
based on the central limit theorem as:
⎧  2

⎨ N Nσ0 , Nσ04 under H0
(16)
ỹr ∼

⎩  2
N Nσ1 , Nσ14 under H1 .
The detection problem involving a decision on whether symbol “1” or “0” is backscattered based on the observation ỹr .
The optimal detector that with the least probability of making
an erroneous decision for detecting backscattering symbols is
the well-known maximum a posteriori probability (MAP). The
decision criteria is if

E. Energy Harvesting
During the backscattering phase, a part of current flows
through a tag IC to power the circuit. For the series model,
the instantaneous power supplied to the IC is
Psinst = I 2 Ra =

y2 [n]
(2 + m)2 Ra

(24)

(17)

where the circuit current equals to I = [y[n]/((2 + m)Ra )].
Then, following [21], [26], the average power delivered to
the IC is:

2 
2
1
1
Ps h2st
ser
+
(25)
Phar =
2
m1 + 2
m0 + 2

then symbol “1” is chosen, otherwise, symbol “0” is chosen.
For equally likely symbols, the MAP detector thus can be
simplified to the maximum likelihood (ML) detector [44]. The
ML detector chooses the backscattering symbol that makes the
observation ỹr most likely, we decide H1 if

where the term (1/2) accounts for the equal probability
for backscattering symbols “1” and “0.” The term Ra is
dropped in (25) to stand for the normalized harvesting energy.
Similarly, the harvesting energy for the parallel model and the
mixed model are given in the next section.

Pr(H1 |ỹr ) ≥ Pr(H0 |ỹr )

f (ỹr |H1 ) ≥ f (ỹr |H0 )

(18)

otherwise
symbol “0” is chosen, where f (ỹr |Hi ) =
√
2
[1/( 2π Nσi2 )] exp(−[((ỹr − Nσi2 ) )/(2Nσi4 )]). Suppose that
r
the optimal threshold is ỹth , then the BER of bistatic communication system is given by
 1 

1 
th
Pe = Pr ỹr < ỹth
Pr
ỹ
+
.
(19)
|H
≥
ỹ
|H
1
r
0
r
r
2
2
To derive the optimal decision boundary ỹth
r for decision, taking the first derivative of Pe with respect to (w.r.t.) ỹrth and
setting 0, we have

⎤
⎡

2

 2

2 ln σ1
+
σ
2
σ
2
2

1
0
Nσ1 σ0 ⎢
σ2 ⎥
⎢1 + 1 +
 0⎥
 2
(20)
ỹth
r = 2
⎦.
⎣
2
2
σ1 + σ0
N σ1 − σ0
Substituting (20) into (19), the BER can be derived as
Pe =

Nσ12 − ỹth
1
Q
√ 2r
2
Nσ1

ỹth − Nσ 2
1
+ Q r√ 2 0
2
Nσ0

where the Q function is given by
 ∞
t2
1
e− 2 dt.
Q(x) = √
2π x

(21)

(22)

F. Problem Formulation
For the series mode, our goal is to minimize the BER
in (23) by optimizing the shunt network, subject to practical energy harvesting constraint in (25). The problem can be
formulated as
 2
 2
√
Ps hs1  − Ps hs0 
Q
N  2
(P1) min
 2
ms1 ,ms0
Ps hs1  + Ps hs0  + 2

2 
2
1
1
Ps h2st
+
s.t.
≥ Pc (26)
2
ms1 + 1
ms0 + 2
ms1 ≥ 0, ms0 ≥ 0

(27)

where Pc is the minimum requirement of IC power supply. Similarly, for the parallel mode and mixed mode, we,
respectively, have
 p 2
 p 2
√
Ps h1  − Ps h0 
N  p 2
Q
(P2) min
 p 2
p p
m1 ,m0
Ps h1  + Ps h0  + 2
⎞
⎛
2
2
p
p
2
m0
m1
Ps hst ⎝
⎠ ≥ Pc (28)
s.t.
+
p
p
2
2m1 + 1
2m0 + 1
p

p

m1 ≥ 0, m0 ≥ 0

Authorized licensed use limited to: Korea University. Downloaded on April 26,2021 at 04:18:49 UTC from IEEE Xplore. Restrictions apply.

(29)

7696

IEEE INTERNET OF THINGS JOURNAL, VOL. 8, NO. 9, MAY 1, 2021

Algorithm 1 Dinkelbach Method for Solving Problem (P1)

and
√
N
(P3) minp Q
ms1 ,m0

 2
 p 2
Ps hs1  − Ps h0 
 2
 p 2
Ps hs  + Ps h  + 2

1
0
⎛

2
p
2
m0
1
Ps hst ⎝
+
s.t.
p
2
ms1 + 1
2m0 + 1

ms1 ≥

p
0, m0

≥ 0.

1:
2:
2

⎞

3:

⎠ ≥ Pc (30)

4:

(31)

6:

Problem (P1), (P2), and (P3) are hard to be solved optimally
in general, since the objective functions of three problems as
well as the constraints (26), (28), and (30) are nonconvex. In
Section III, we propose two methods for handling (P1), and
then present efficient algorithms for solving (P2) and (P3) in
Sections IV and V, respectively.
III. P ROPOSED A LGORITHM FOR THE S ERIES M ODE
A. Optimal Solution Based on POA Technique
In this section, a globally optimal solution is obtained for
problem (P1) by exploiting its hidden monotonic increasing structure. The objective function problem (P1) can be
equivalently replaced by
 2
 2
√
√
Ps hs1  − Ps hs0 
+ N
N  2
max
 s 2
s
s
s
m1 ,m0
Ps h1  + Ps h0  + 2
 2
2hs1  + P2s
√

= max
N  2  2
(32)
hs  + hs  + 2
ms1 ,ms0
1
0
Ps
since √
Q is a monotonic decreasing function. Note that the
value N is introduced for facilitating the algorithm design,
and it does not change the optimal solution. Therefore,
(P1) becomes a fractional optimization problem with nonconvex constraint (26). Intuitively, we can use the classical
Dinkelbach method for solving the fractional optimization
problem. However, the nonconcave numerator in (32) and the
nonconvex constraint (26) make the problem difficult to handle for obtaining an optimal solution. In the following, we will
address this issue.
define the objective function q(ms1 , ms0 ) =
√ Let us
2
N[(2|hs1 | + (2/Ps ))/(|hs1 |2 + |hs0 |2 + (2/Ps ))]
=
[(q+ (ms1 ))/(q− (ms1 , ms0 ))], where q+ (ms1 ) and q− (ms1 , ms0 )
account for the numerator and denominator, respectively,
given in (33) and (34), shown at the bottom of the page.
Proposition 1: Define ζ ∗ as the optimal solution to problem
(P1), namely ζ ∗ = maxms1 ,ms0 [(q+ (ms1 ))/(q− (ms1 , ms0 ))].
Then ζ ∗ is the optimal solution to problem (P1) if and only if
 + s 


max
q m1 − ζ ∗ q− ms1 , ms0 = 0.
(35)
s
s
m1 ,m0

5:

7:
8:
9:
10:
11:
12:

Initialization: maximum tolerance = 10−3 , and ζ = 0.
Repeat
Solve problem
(N
P1) with a given ζ , and denote
s,∗
s,∗ !
as
the
obtained
solutions.
m1 , m
0 


− ms,∗ , ms,∗ ≤ then
−
ζ
q
if q+ ms,∗
1
1
0
Convergence=true
q+ (ms,∗
s,∗ !
1 )
.
and ζ ∗ = q− ms,∗ ,m
Output ms,∗
1 , m0
( 1 s,∗
0 )
else
q+ (ms1 )
.
Set ζ ∗ = q− ms ,m
( 1 s0 )
∗
ζ =ζ .
Convergence=false
end if
Until Convergence=true

Proposition 1 allows one to solve the fractional problem
with a substitute of subtract form. Specifically, with a given ζ ,
problem (P1) can be recast to
 
 


P̄1 max
q+ ms1 − ζ q− ms1 , ms0
s
s
m1 ,m0

s.t. (26), (27).
Then, a common structure of the Dinkelbach method can be
summarized in Algorithm 1 [45].
However, Algorithm 1 converges to the global optimum
only provided that (P̄1) can be globally solved at each
iteration in step 3. However, problem (P̄1) is a nonconvex
problem, which is difficult to be solved optimally in general. However, by exploiting the hidden monotonicity, we
obtain the optimal solutions to problem (P̄1) by adopting
the following two steps. First, we transform (P̄1) into a
canonical monotonic optimization problem. Then, we apply
a sequence of ployblocks to approach the optimal vertex by
using the POA method. Let us make some definitions for our
problem.
Definition 1 (Ployblock) [46], [47]: Given set T with vertex {vi }, i = 1, 2, . . . , the union of all the boxes [0, vi ] is a
polyblock with vertex set T .
Definition 2 (Normal Set) [46], [47]: A set G ⊂ RN
+ is
normal if for any vector x ∈ G, the hyper-rectangle [0, x̄] with
0 ≤ x̄ ≤ x belongs to G.
Definition 3 (Co-Normal Set) [46], [47]: A set H ⊂ RN
+ is
co-normal in [0, b] if for any vector x ∈ H, [x, b] ⊂ H.
Proposition 2: Generally, sets G and H can be made from
two typical constraints as
!
G = x ∈ RN
+ : g(x) ≤ 0
!
H = x ∈ RN
(36)
+ : h(x) ≥ 0
where g(x) and h(x) are both increasing functions.

2  ms 2

 s √
ms
2
1
q m1 = N 2 ηh̃st h̃tr
+ 4ηh̃st h̃tr h̃sr s 1 + 2h̃2sr +
s
m1 + 2
m1 + 2
Ps


2  ms 2  ms 2
 s s 
ms0
ms1
2
0
−
1
+ s
+ 2h̃2sr +
q m1 , m0 = ηh̃st h̃tr
+
+ 2ηh̃st h̃tr h̃sr
s
s
s
m1 + 2
m0 + 2
m1 + 2 m0 + 2
Ps
+
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Algorithm 2 POA-Based Method
1:

Initialize:
Polyblock
S 1 with vertex v1
=


s,1
s,1
m1 , m0 , μ1 , where μ1 = ζ q− (∞, ∞) − ζ q− (0, 0),

s,1
4
4
1
1
ms,1
1 = 10 , and m0 = 10 ; We set initial T = {v },
−3
the maximum tolerance = 10 , and initially iterative
index t = 1.
2: Repeat
t
3:
Compute the projection
  of v on the upper boundary
G vt , via Algorithm 3 (shown later).
of G, denoted
as
π
 
!
3 new vertices ṽt1 , . . . , ṽt3 ,
4:
With π G vt , generate



t e for i = 1, . . . , 3.
where ṽti = vt − vti − π G
i
i v

5:

Fig. 4. Illustration of Algorithm 2, where the red circle denotes the optimal
point on the upper boundary of the feasible set V = G ∩ H.

6:
7:

Definition 4 (Monotonic Optimization): A canonical form
of a monotonic optimization problem is defined as [46], [47]
max f (x) s.t. x ∈ G ∩ H
x

9:

(37)

where f (x) : RN
+ → R is an increasing function, G ⊂ [0, b]
represents a compact normal set with nonempty interior, and
G indicates a closed co-normal set on [0, b].
As can be seen, the objective function in problem (P̄1) is
not an increasing function. However, it is a difference of two
increasing functions since q+ (ms1 ) and q− (ms1 , ms0 ) are both
increasing functions with respect to ms1 and ms0 . There must
exist a positive μ such that ζ q− (ms1 , ms0 ) + μ = ζ q− (∞, ∞).
¯ is recast to
As such, (P̄1)
 


¯
P̄1
max
q+ ms1 , ms0 + μ − ζ q− (∞, ∞)
s
s
m1 ,m0 ,μ


s.t. μ + ζ q− ms1 , ms0 ≤ ζ q− (∞, ∞)
(38)
0 ≤ μ ≤ ζ q− (∞, ∞) − ζ q− (0, 0)
(26), (27).

8:

Construct a smaller polyblock S t+1 with vertex set
vt in T t with 3 new vertices
T t+1 by replacing
!
t
t
ṽ1 , . . . , ṽ3 .
Find vt+1 as the candidate vertex who maximizes the
¯ over set T t+1 ∩ H.
objective function of problem (P̄1)
Set t = "
t+
# 1.
#$
# t
t #
#vi −π G
i (v )#
Until max
≤ .
vti 
i


Output optimal point π G vt .

(39)

It can be seen that the objective function is an increasing
function. Constraint (26) can be transformed as (2Pc /Ps h2st ) −
((1/[2 + ms1 ])2 + (1/[2 + ms0 ])2 ) ≤ 0, and it is a nonconvex
constraint set while it is a normal set. As a consequence, the
¯
feasible set for (P̄1),
denoted as V, can be written as the
intersection of the normal and co-normal set, where the normal set G is spanned by constraints (26), (38), and (39), and
the co-normal set H is spanned by (27). Although (26) and
¯ is now a standard
the objective function are not convex, (P̄1)
monotonic optimization problem due to the increasing objective function and normal/co-normal constraints. Therefore, this
monotonic problem can be efficiently addressed based on an
approximation of compact normal sets by simpler normal sets,
termed as polyblocks. The details of POA are described in
Algorithm 2.
To explain Algorithm 2 more clearly, we provide a simple case that includes two optimization variables ms1 and m01
as shown in Fig. 4. In the initial stage of Algorithm 2, we

set ms,1
= 104 and ms,1
= 104 , and define vertex v1 as
1
0
s,1
s,1
1
1
v = (m1 , m0 , μ ). It is clear that polyblock S 1 is a box
[0 v1 ] comprising the feasible set V = G ∩ H. In step 3,
we calculate
the projection
of vertex v1 onto set G, i.e.,
%
&
G
1
π (v ) see Fig. 4 (a) . In step 4, based on vertex v1 and
π G (v1 ), we generate 3 new vertices, denoted as {ṽ11 , . . . , ṽ13 },
%
&
1
where ṽ1i = v1 − (v1i − π G
i (v ))ei see Fig. 4 (b) . Here,
1
v1i is the ith element of v1 , π G
i (v ) is the ith element of
G
1
π (v ), and ei denotes the ith column of the identity matrix.
In step 5, we shrink the polyblock S 1 , denoted as poly2
block S 2 , by replacing v1 with the
% new vertices &set T , i.e.,
1
1
2
1
1
T = (T − ṽ ) ∪ {ṽ1 , . . . , ṽ3 } see Fig. 4 (c) . It can be
observed that polyblock S 2 still contains the feasible set V
but is smaller than polyblock S 1 . Then, we choose the vertex from T 2 ∩% H that maximizes &the objective function of
¯
problem (P̄1)
see ṽ12 in Fig. 4 (c) . Similarly, we repeat the
above procedures to find a smaller
that
% and tighter polyblock
&
satisfies S 1 ⊃ S 2 ⊃ · · · ⊃ V see Fig. 4 (d) . Therefore,
Algorithm 2 will finally approach the optimal solution when
t
t
max{(vti − π G
i (v ))/(vi )} ≤ .
i

In the following, we show how to obtain π G (vt ) as well as
λ. Denoting π G (vt ) = λ∗ vt , we can scale λ to approach the
upper boundary of G. Let us define F(λ1 ), F(λ2 ), and F(λ3 )
corresponding to the constraints (26), (38), and (39) as
⎧


F(λ1 ) = λ1 μ + ζ q− λ1 ms1 , λ1 ms0 − ζ q− (∞, ∞)
⎪
⎪
⎨
F(λ2 ) = λ2 μ − ζq− (∞, ∞) + ζ q− (0, 0) 
(40)
2 
2

⎪
1
⎪
.
+ 2+λ13 ms
⎩ F(λ3 ) = 2Pc2 −
2+λ3 ms
Ps hst

1

0

Following [47, Proposition 6], the solution λ can be calculated from
λ* = max{λ|λv ∈ G}
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Algorithm 3 Computation of π G vt
1:
Calculate λi using the bisection based method with
F(λi ) = 0 given in (40), for i = 1, 2, 3.
2:
λ∗ = min(λ1 , λ2 , λ3 ).
3:
Output λ∗ , and calculate π G (v) = λ∗ v.

which can be solved in Algorithm 3. Note that F(λi ) in (40)
is monotonically increasing with λi for i = 1, 2, 3. Therefore,
we can calculate π G (vt ) using the bisection-based method, and
the details are summarized in Algorithm 3.
1) Optimality Analysis of Algorithm 1: Before analyzing
the optimality of Algorithm 1, we first analyze the optimality
of Algorithm 2. In every iteration in step 4 of Algorithm 2,
we can generate a subsequence thought as the “off-springs”
through a series of projections. Therefore, an infinite length of
sequences can be obtained as the number of iteration increases.
Clearly, we always have the sequence: v1  v2  · · · 
vt  vt+1 · · ·  0. Hence, limt→∞ vt − vt+1  → 0. We
assume that vt+1 is a vector picking from the “off-springs”
subsequence, i.e., subsequence {ṽt1 , ṽt2 , ṽt3 }, obtained from vt .
Without loss of generality, we assume that vt+1 = ṽti . As t →
(a)

∞, we have limt→∞ vt − vt+1  = limt→∞ vt − ṽti  = vti −
G t
t
t
t
t
πG
i (v ) → 0, where (a) holds since ṽi = v − (vi − π i (v ))ei .
G
t
t
t
In addition, since π i (v ) = λvi , we have |vi − λvti | → 0,
which implies λ → 1. We thus have limt→∞ vt − π G (vt ) =
limt→∞ vt − λvt  → 0. Recall that the optimal solution lies
on the upper boundary of G, and vt is a maximizer over the
above sequence, the globally optimal solution is thus obtained.
The reader can also refer to [48, Theorem 1] for more details.
Based on the above analysis, at each iteration of Algorithm 1
in step 3, we can use POA-based algorithm to globally solve
(P̄1). Therefore, based on the results in [45], the optimal solution for Algorithm 1 by using Dinkelbach method must be
obtained.
2) Complexity Analysis of Algorithm 1: The main complexity of Algorithm 1 lies in step 3, i.e., the calculation of
Algorithm 2. The complexity of Algorithm 2 mainly depends
on the calculation of π G (vt ) in step 3, the calculation of
picking the optimal vertex from the sequences that maximizes the objective value in step 6, and the total number
of iterations required to converge. In the tth iteration, the
complexity of computing π G (vt ) by using Algorithm 3 is
O(log2 ([λmax − λmin ]/ )), where log2 ([λmax − λmin ]/ ) is the
number of iterations required for reaching convergence by

using the bisection method. For each vertex, the complexity
¯
for computing the objective function in (P̄1)
is O(3),
where 3 is the number of variables, thus the total complexity of step 6 is O(3(2t + 1)), where 2t + 1 is the
number of vertices. It was shown in [44] that the total
number of iterations, denoted as Tc , required for convergence grows exponentially with the number of variables, i.e.,
Tc = O(23 ). Therefore, the total complexity of Algorithm 2
is O (Tc log2 ([λmax − λmin ]/ ) + [((M + 2Tc + 1)Tc )/2]).
Therefore, the total complexity of Algorithm 1 is O (Ttotal Tc
(log2 ([λmax − λmin ]/ ) +[((M + 2Tc + 1))/2])), where Ttotal
denotes the total number of iterations required by Algorithm
1 to converge. Although we can find the optimal solution,
the complexity of Algorithm 2 is exponential in the number
of variables [49]. In the following, a low-complexity iterative
algorithm is proposed based on the SCA technique.
B. SCA Method With Low Computational Complexity
In this section, a local solution is obtained based on the SCA
method. By introducing slack variables τ1s and τ0s , problem
(P1) can be transformed into
 
 
q̃+ τ1s


P̃1 s max
m1 ,ms0 ,τ1s ,τ0s q̃− τ1s , τ0s
ms
(42)
s.t. 0 ≤ τ1s ≤ s 1
m1 + 2
ms
τ0s ≥ s 0
m0 + 2
(26), (27)
(43)
where q̃+ (τ1s ) and q̃− (τ1s , τ0s ) are, respectively, given in (44)
and (45), shown at the bottom of the page. In (P̃1), both q̃+ (τ1s )
and q̃− (τ1s , τ0s ) are convex, while the constraints (26) and (43)
are nonconvex. Note that (P̃1) is equivalent to (P1) with the
optimal solutions satisfying τ1s = [ms1 /(ms1 + 2)] and τ0s =
[ms0 /(ms0 + 2)]. Otherwise, one can always increase τ1s and
decrease τ0s to make a larger objective value. As (P̃1) is also
a fractional optimization problem, instead of solving step 3 in
Algorithm 1 based on POA method, we propose a SCA-based
method to address it with low complexity. Specifically, since
(τ1s )2 in q̃+ (τ1s ) is convex w.r.t. τ1s , taking the first-order Taylor
expansion at any feasible point τ1s,r yields


 
 s 2  s,r 2
(46)
τ1 ≥ τ1
+ 2τ1s,r τ1s − τ1s,r = ϕlb τ1s .
s
Let us define the new numerator q̃+
lb (τ1 ) in (47), shown at the
bottom of the page, which is a linear function w.r.t. τ1s .


 
2  
 s √
2
s 2
s
2
q̃ τ1 = N 2 ηh̃st h̃tr τ1 + 4ηh̃st h̃tr h̃sr τ1 + 2h̃sr +
Ps


2  







2
2
2
− s s
s
s
s
s
2
q̃ τ1 , τ0 =
τ1 + τ0
+ 2ηh̃st h̃tr h̃sr τ1 + τ0 + 2h̃sr +
ηh̃st h̃tr
Ps
+


 
2  
 s √
2
2
s
s
2
τ
=
τ
+
4η
h̃
h̃
h̃
h̃
q̃+
N
2
η
h̃
ϕ
τ
+
2
h̃
+
st
tr
st
tr
sr
sr
lb 1
1
lb 1
Ps
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Since [ms0 /(ms0 + 2)] in (43) is a concave function w.r.t.
for ms0 ≥ 0, taking a first-order Taylor expansion at any
feasible point ms,r
0 , we have

Algorithm 4 SCA-Based Algorithm for Solving Problem P̃1

ms0

 s
ms0
ms,r
2
s,r 
0
+
≤
2 m0 − m0
s,r
s
s,r
m0 + 2
m0 + 2
m0 + 2
 s

= φup m0 .
Then, (43) can be replaced by a new constraint
 
τ0s ≥ φup ms0

1:


lb


ms1 +

lb

2:
3:
4:

(48)

5:
6:

(49)

 s 
m0 ≤ 0

7:
8:
9:
10:

(50)

s
2
where
=
(1/(2 + ms,r
−
lb (mi )
i ))
s,r 3
s,r
s
[2/((2 + mi ) )](mi − mi ) for i = 1, 2. It can be easily
seen that (50) is convex since lb (msi ) is linear w.r.t. msi .
As a result, we define the new resulting problem
 s


q̃+
lb τ1


P̃lb 1 s max
m1 ,ms0 ,τ1s ,τ0s q̃− τ1s , τ0s
s.t. (27), (42), (49), (50).

Problem (P̃lb 1) is a fractional maximization problem with a
convex denominator and a linear numerator as well as all convex constraints. The corresponding subtraction form of (P̃lb 1)
is given by


 s


− s s
q̃+
P̃˜ lb 1 s max
lb τ1 − ζ q̃ τ1 , τ0
s s s
m1 ,m0 ,τ1 ,τ0

s.t. (27), (42), (49), (50).
It can be easily seen that (P̃˜ lb 1) is a convex problem, which
can be solved by the existing tools such as CVX [50]. Similar
to Algorithm 1, the SCA-based method for solving fractional
optimization (P̃1) is summarized in Algorithm 4.
1) Convergence Analysis of Algorithm 4: To facilitate the
s,r s,r s,r
design, we define Ar = {ms,r
1 , m0 , τ1 , τ0 } in the rth
r
lb
r
iteration. Let R(A ) and R (A ) be the respective objective value to problem (P̃1) and (P̃˜ lb 1) in the rth iteration,
respectively. In the (r + 1)th iteration, we have
 (c) 

  (a)   (b) 
(51)
R Ar = Rlb Ar ≤ Rlb Ar+1 ≤ R Ar+1

11:
12:
13:
14:
15:
16:

⎛
2



p
p
⎝
q−
p m1 , m0 = ηh̃st h̃tr

1
p
2m1 + 1

1
p
2m1 + 1

2

+

ms,r
1
,
ms,r
1 +2

maximum

tolerance =
ζ = 0 and iteration index r = 0.
Repeat
Repeat
s,r !
Solve P̃˜ lb 1 for given τ1s,r , ms,r
1 , m0 , and denote
the optimal solution as {τis,r+1 , ms,r+1
} for i = 1, 2.
i
Set r = r + 1.
Until The fractional increase of the objective value is
below .
s,r
Output τis,∗ = τis,r ,ms,∗
i = mi , and reset r = 0.
s,∗ s,∗ 
+ s,∗
−
if q̃lb τ1 − ζ q̃ τ1 , τ0 ≤ then
Convergence=true.
s,∗ s,∗
+
s,∗ !
∗ = q (m1 ,m0 ) .
and
ζ
Output ms,∗
,
m
s,∗
−
1
0
q (ms,∗
1 ,m0 )
else
q+ (ms ,ms )
Set ζ ∗ = q− m1s ,m0s .
( 1 0)
ζ = ζ ∗.
Convergence = false
end if
Until Convergence = true

(P̃˜ lb 1) is solved optimally with solution Ar+1 ; and (c) holds
due to the objective value of (P̃˜ lb 1) is served as a lower bound
to that of (P̃1). Inequality (51) shows that the objective value
of (P̃1) is nondecreasing after each iteration. In addition, the
maximum objective value of problem (P̃1) is obviously upper
bounded by a finite value. Therefore, Algorithm 4 is guaranteed to converge to a locally optimal solution [49]. Based
on [45], which indicates that ζ is nondecreasing after each
iteration in Algorithm 4, thus Algorithm 4 must be converged.
2) Complexity Analysis of Algorithm 4: From step 3 to step
6 in Algorithm 4, problem (P̃˜ lb 1) is a convex optimization
problem, which can be solved by the interior point method
with computational complexity O(L1 (4)3.5 ) at the worst
case [32], where 4 denotes the total number of variables,
and L1 denotes the number of iterations required to converge. Therefore, the overall complexity of Algorithm 4 is
O(Ltotal L1 (4)3.5 ), with Ltotal being the number of iterations
required by Algorithm 4 to converge.
IV. P ROPOSED A LGORITHM FOR THE PARALLEL M ODE
Similar to (P1), (P2) is equivalent to
 p
q+
 
p m1
P̄2 max
p
− p
p p
m1 ,m0 qp m1 , m0
s.t. (28), (29)

where (a) holds since the first-order Taylor expansion
in (46), (48), and (50) is tight at the given local point Ar ,
which indicates that problem (P̃1) at Ar has the same objective value as that of problem (P̃˜ lb 1); (b) holds since problem
⎛
2

√


p
q+
N ⎝2 ηh̃st h̃tr
p m1 =

s,r
Initialization: ms,r
i for i = 1, 2, τ1 =

10−3 ,

which is linear w.r.t. ms0 .
Similarly, to address the nonconvex constraint (26) for any
s,r
feasible points ms,r
1 and m0 , we have

2Pc
−
2
Ps hst

7699

⎞

2

− 4ηh̃st h̃tr h̃sr
1
p
2m0 + 1

2

⎞

1
2
+ 2h̃2sr + ⎠
p
Ps
2m1 + 1

⎠ − 2ηh̃st h̃tr h̃sr

1
1
+
p
+ 1 2m0 + 1

p
2m1

(52)

+ 2h̃2sr +

2
Ps
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−
where q+
p (m1 ) and qp (m1 , m0 ) are, respectively, given in (52)
and (53), shown at the bottom of the previous page. Different
from the series mode where the denominator and the numerator in the objective function are both increasing with the
impedance modulation index, the globally optimal solution
of (P2) cannot be obtained by using the POA algorithm.
However, the SCA-based method can be applied to compute
the local solution. It should be pointed out that the main
difficulty of Algorithm 4 comes from step 4 to calculate a
local solution of the subtract-form optimization problem. In
the following, we will address it for problem (P2).
¯ is equivalent to
Theorem 1: (P2)
 p
 
q̃+ τ1
 p p
P̃2 p max
p p p
m1 ,m0 ,τ1 ,τ0 q̃− τ1 , τ0
p

p

p

with the constraints described in the following 4 cases.
p
p
Case 1: −(b/2a) < τ1 ≤ 0, − (b/2a) < τ0 ≤ 0
⎧ p
1
⎪
⎨ τ0 ≥ − 1+2mp0
p
1
(54)
τ1 ≤ − 1+2m
p
⎪
1
⎩
(28), (29).
p

Case 2: −1 < −(b/2a) ≤ 0, − 1 < τ1 ≤ −(b/2a), −
p
(b/2a) < τ0 ≤ 0
⎧ p
1
⎪
⎨ τ0 ≥ − 1+2mp0
p
1
(55)
τ1 ≥ − 1+2m
p
⎪
1
⎩
(28), (29).
p

p
τ0

Case 3: −1 < −(b/2a) ≤ 0, − 1 < τ1 ≤ −(b/2a), − 1 <
≤ −(b/2a)
⎧ p
1
⎪
⎨ τ0 ≤ − 1+2mp0
p
1
(56)
τ1 ≥ − 1+2m
p
⎪
1
⎩
(28), (29).
p

p
τ0

Case 4: −1 < −(b/2a) ≤ 0, − (b/2a) < τ1 ≤ 0, − 1 <
≤ −(b/2a)
⎧ p
1
⎪
⎨ τ0 ≤ − 1+2mp0
p
1
(57)
τ1 ≤ − 1+2m
p
⎪
1
⎩
(28), (29)

where q̃+ (m1 ) and q̃− (m1 , m0 ) are, respectively, defined
in (44) and (45), a and b are defined in the Appendix.
Proof: Please refer to the Appendix.
To address the nonconvex constraint (28), by introducing
p
p
slack variables θ1 and θ0 , (28) can be rewritten as
Ps h2st  p 2  p 2 
θ1 + θ0
≥ Pc
(58)
2
with additional convex constraints
⎧
p
⎪
⎨ 0 ≤ θ0p ≤ m0 p
1+2m0
(59)
p
m1
p
⎪
⎩ 0 ≤ θ1 ≤
p.
1+2m
p

p

p

1

However, (58) is still nonconvex, and thus, we obtain its lower
p
bound of θi for i = 1, 2, as
 p   p,r 2
p,r  p
p,r 
ϑlb θi = θi
(60)
+ 2θi θi − θi

p,r

with given point θi . As such, constraint (58) can be
replaced by
 p 
Ps h2st   p 
ϑlb θ1 + ϑlb θ0 ≥ Pc .
2

(61)

p

p

≥ −[1/(2mi + 1)]
For the nonconvex constraint τi
in (54)–(57) for i = 1, 2, taking the first-order Taylor expanp,r
sion at given point mi , we have the new constraint
p

τi ≥ −

1
p,r
2mi

 p
2
p,r 
−  p,r
2 mi − mi
+1
2mi + 1

(62)

p

p

due to the fact that −[1/(2mi + 1)] is concave w.r.t mi and
its Taylor expansion is its global under-estimated. In addition,
the numerator in (P̄2) is concave, which can be approximately
p
transformed into a linear function q̃+
lb (τ1 ) given by (47).
As a result, the resulting approximation of (P̄2) is given by
 p
 
q̃+
˜
lb τ1

P̃2
max
p p
p p p
mi ,τi ,θi q̃− τ1 , τ0
with a convex denominator and a linear numerator in the objective function, and all the convex constraints. Thus, we can
˜ similar to Algorithm 4 for each constraint case, and
solve P̃2
choose the optimal case that maximizes the objective value.
V. P ROPOSED A LGORITHM FOR THE M IXED M ODE
Problem (P3) can be treated as a combination of (P1) and
(P2), and thus we can tackle with a similar manner. Problem
(P3) can be equivalently transformed into
 
 
q̃+ τ1s
 s p
P̃3
max
p
p
ms1 ,m0 ,τ1s ,τ0 q̃− τ1 , τ0
with the constraints given in Theorem 2 as below.
Theorem 2: The constraints of (P̃3) are categorized into
three cases.
p
Case 1: −(b/2a) < −1, − 1 ≤ τ0 ≤ 0, 0 ≤ τ1s ≤ 1
⎧
p
m1
p
⎪
⎪
⎨ τ0 ≥ − 2mp1 +1
ms1
(63)
τ1s ≤ ms +2
⎪
⎪
1
⎩
(30), (31).
p

Case 2: −1 < −(b/2a) ≤ 0, − 1 ≤ τ0 ≤ −(b/2a),
0 ≤ τ1s ≤ 1
⎧
p
m1
p
⎪
⎪
⎨ τ0 ≤ − 2mp1 +1
ms1
(64)
τ1s ≤ ms +2
⎪
⎪
1
⎩
(30), (31).
p

Case 3: −1 < −(b/2a) ≤ 0, − (b/2a) ≤ τ0 ≤ 0,
0 ≤ τ1s ≤ 1
⎧
p
m1
p
⎪
⎪
⎨ τ0 ≥ − 2mp1 +1
ms1
(65)
τ1s ≤ ms +2
⎪
⎪
1
⎩
(30), (31).
Proof: The proof is similar to that of Theorem 1 in the
Appendix, and is omitted here for brevity.
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Fig. 5. SNR versus BER under N = 30. The reflection coefficient for
backscattering symbol “0” is set as 0 = 0, and for backscattering symbol
“1” is set as 1 = 1.
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Fig. 6. SNR versus N under Ps = 10 dB. The reflection coefficient for
backscattering symbol “0” is set as 0 = 0, and for backscattering symbol
“1” is set as 1 = 1.

p

Similarly, the nonconvex constraint of τ0
≥
p
p
−[m1 /(2m1 + 1)] in (63) and (65) can be handled as
in (62), and the constraint (30) based on (48) and (60) can be
replaced by
 
Ps h2st   p 
ϑlb θ0 + φup ms1 ≥ Pc
2
with the additional convex constraint

(66)

p

p

0 ≤ θ0 ≤

m0
p

2m0 + 1

.

(67)

As a result, we define the following approximation problem:
 
 
q̃+ τ1s
˜P̃3
 s p
max
p
p p
ms1 ,m0 ,τ1s ,τ0 ,θ0 q̃− τ1 , τ0
with a convex denominator and a linear numerator in the objective function, and all the convex constraints. Thus, we can
˜ similar to Algorithm 4 for each constraint case, and
solve (P̃3)
choose the optimal case that maximizes the objective value.
VI. N UMERICAL R ESULTS
In this section, numerical simulations are provided to evaluate the performance of our proposed shunt network. We set
the channel h̃st = h̃sr = 0.3, h̃tr = 1.5, and the tag scattering efficiency is η = 1. Also the signal-to-noise ratio (SNR)
is defined as Ps with the normalized noise power 1. Unless
otherwise specified, the sampling number is N = 40.
Before discussing the evaluation of the proposed design
performance, we provide an illustration for showing the accuracy between the theoretical BER and the simulated BER
under different SNR and N. Fig. 5 plots BER versus SNR for
theoretical results and simulated results with 20 000 MonteCarlo realizations. The theoretical result is derived from (21),
and the approximate result is derived from (23). In addition,
the simulated BER is based on the detection threshold ỹth
r ,
,

=
1;
otherwise,

=
0.
It
can
specifically, if ỹr ≥ ỹth
1
0
r
be seen that the theoretical result and approximate result both
match well with the simulated result, which demonstrates the
correction of the deductive result for BER formulas in (21)
and (23). It is also observed that as SNR becomes larger, the
BER will be reduced. This result can be easily verified in

Fig. 7. Convergence behavior comparison for the SCA-based and the POAbased algorithm.

formula (23) that the BER is monotonically decreasing with
transmit power Ps .
Fig. 6 shows BER versus the sample number N. It can
be seen that the simulated result match well with theoretical result, especially when the sample number N becomes
larger. This is because
when the sample number N becomes

2
|ỹ
larger, ỹr (ỹr = N
n=1 r [n]| ) following the normal distribution will be held based on the central limit theorem, which thus
demonstrates the effectiveness of theoretically derived BER
expression in (21).
In Fig. 7, the convergence behavior of the proposed algorithms, namely SCA-based algorithm and POA-based algorithm, are plotted for the series mode. The convergence
behaviours of parallel mode and mixed mode for SCA-based
algorithm are not exhibited here since the same result can be
obtained with that of series mode, we omit here for brevity.
It is observed that the BER obtained by the two algorithms
decreases quickly with the number of iterations, and the POAbased algorithm converges within 3 iterations and 4 iterations
for the SCA-based algorithm. In particular, in the initial few
iterations, the BER obtained by the POA-based algorithm is
smaller than that of the SCA-based algorithm. This is because
that in each iteration, the POA-based algorithm can be guaranteed to obtain a globally optimal solution, whereas the
POA-based algorithm can obtain locally optimal solution, it is
thus obviously that the POA-based algorithm converges more
quickly than the SCA-based algorithm. However, the run time
for the two algorithm is not comparable. Also, it is important to
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Fig. 8.

BER versus SNR with different schemes under Pc = 0.

Fig. 10.

Tag backscattering reflection coefficients.

Fig. 9.

BER versus SNR with Pc = 0.02W.

Fig. 11.

Impact of the supplied power Pc .

note that the run time for the SCA-based algorithm is about 5
s, whereas for the POA-based algorithm is about 6 min, which
indicates that the SCA-based algorithm achieves much lower
complexity compared to the POA-based algorithm.
In order to show the performance gain brought by
the designed shunt network. In Fig. 8, we compare
several schemes under no IC power supply constraint:
1) Pro_S_SCA: the series mode with SCA-based algorithm;
2) Pro_S_POA: the series mode with POA-based algorithm;
3) Pro_S_SCA_hsr = 0: the series mode with SCA algorithm for the case that the direct source-reader link is blocked;
4) Pro_M_SCA: the mixed mode with SCA-based algorithm;
5) Pro_M_SCA_hsr = 0: the mixed mode with SCA algorithm for the case that the direct source-reader link is blocked;
6) Pro_P_SCA: the parallel mode with SCA-based algorithm;
and 7) Pro_P_SCA_hsr = 0: the parallel mode with SCA algorithm for the case that the direct source-reader link is blocked.
Several results can be observed from Fig. 8. First, the BER
of all the schemes decrease as the SNR becomes larger. This
result coincides with formula (23) showing that transmit Ps is
a monotonically decreasing with BER Pe . Second, the mixed
mode is superior over the parallel mode as well as the series
mode in terms of BER, especially for a large SNR. This reveals
that the mode switching provides the benefit of improving
the signal detection. Third, as the direct link source-reader
is blocked, namely hsr = 0, the system performance of the
Pro_S_SCA and Pro_M_SCA schemes degrades, whereas the
Pro_P_SCA scheme improves. In addition, the three modes
achieve the same performance for the blockage case. This is
because the reflection coefficient for the series mode satisfies

0 ≤ s ≤ 1, whereas for parallel mode, −1 ≤ p ≤ 0, and
recall that in (23), we can easily obtain this insight. Finally, the
performance of the SCA-based algorithm is almost the same as
that of the POA-based algorithm, even in a high SNR region.
This confirms the optimality of the SCA-based algorithm.
In Fig. 9, we investigate the effect of power supply constraint on the system performance. We can observe that
for SNR ≥ 0dB, the BER of all the schemes decreases
with SNR. The mixed mode outperforms the parallel mode
and series mode, especially for a large SNR. In addition,
the performance of the parallel mode is worst among three
modes since the direct source-reader link deteriorates signal
detection. Different from Fig. 8 that a low SNR region is
feasible for the system design, whereas there is an infeasible region for SNR < 0dB since the maximum power supply
is (Ps h2st /4) = 0.225W. This result indicates that for traditional OOK modulation, it would fail in the low SNR region.
Therefore, it is necessary to design a shunt network to satisfy
the requirement of IC power supply.
Fig. 10 examines the optimized tag backscattering reflection
coefficients with respect to the requirement of IC power supply
Pc . First, as the the requirement of IC power supply is below
0.1W, it can be seen the the series mode is equivalent to the
OOK modulation with the reflection coefficient being 0 or 1.
Similarly, the reflection coefficients for parallel mode equal 0
or −(2/3), while those for the mixed mode are 1 or −(2/3).
Second, as Pc ≥ 0.1W, to satisfy the requirement of IC power
supply, the absolute value of the reflection coefficient should
be smaller. Overall, we can claim that the OOK modulation
is suitable for a low demand of tag IC power supply, whereas
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Fig. 12.

Impact of channel gain of the tag-reader link h̃tr on the BER.

a shunt network is necessary for the urgent demand of tag IC
power supply.
In Fig. 11, we compare the BER versus IC power supply Pc under SNR= 10dB obtained by different schemes.
Several results are made from Fig. 11. First, BER obtained
by SCA-based method is matched with that of POA-based
method for the series mode, which again confirms the optimality of the SCA-based algorithm. Second, it is observed
that for Pc > 0.1W, the BER is significantly increased. This
is expected since there exists a tradeoff between achieving
low BER and increasing power supply as justified in the former section. Interestingly, for Pc ≤ 0.1W, the BER of all the
schemes remains unchanged. The reason is that these reflection coefficients satisfy the IC power supply, which is directly
shown in Fig. 10. Third, with the additional direct sourcereader link, the mixed mode outperforms the parallel mode and
series mode, and the parallel mode performs worst. However,
when the direct source-reader link is unavailable, the series
mode performs best and the parallel mode performs worst.
This result tells us that when the direct source-reader link
is available, the mixed series mode is preferred, and when
the direct source-reader link is unavailable, the series mode is
the best choice. Finally, we can see that additional direct link
achieves much lower BER than that of without direct link.
To show the impact of tag-reader link on the system
performance, the BER versus the channel gain of tag-reader
link is plotted in Fig. 12. Here, we set the SNR as 10dB
and supplied power as Pc = 0.02W. As it can be seen, the
BER monotonically decreases with the tag-reader link gain,
i.e., h̃tr , for all three modes, i.e., series mode, parallel mode,
and mixed mode. With the higher value of h̃tr , which indicates
that the tag is deployed more closer to the reader. Obviously,
the reader is able to decode the tag’s information with a higher
probability of success, which coincides with the intuition. In
addition, this result/insight can be readily derived from (32),
where the objective function in (32) is monotonically increasing with h̃tr (h1 = ηix h̃tr h̃st + h̃sr ), which indicates the BER
is monotonically decreasing with the value of h̃tr .
VII. C ONCLUSION
This article has designed a tag shunt network in the bistatic
backscatter communication system to extend the communication range. We have proposed three modes, namely series
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mode, parallel mode, and mixed mode, for minimizing the
BER under the power supply constraint. In addition, we have
proposed two algorithms, namely SCA-based algorithm and
POA-based algorithm, to address the nonconvex fractional
optimization problem for the series mode. Numerical results
have shown that when the direct link is available, the mixed
mode outperforms the other modes, and can adaptively adjust
the reflection coefficient to satisfy the requirement of IC power
supply. Also, when the direct link is unavailable, the series
mode is the best choice. In addition, we have found that the
traditional OOK modulation is suitable for a low demand of
tag IC power supply, whereas a shunt network is necessary for
the urgent demand of tag IC power supply. Furthermore, the
performance of the SCA-based method closely approaches the
optimal solution but with much lower complexity than that of
the POA-based method.
A PPENDIX
P ROOF OF T HEOREM 1
Let us denote the objective function of (P̃2) as
 p 2
p
 p p
2a τ1 + 2bτ1 + c

f τ1 , τ0 =  
 p
 p 2
p 2
p
+ b τ1 + τ0 + c
a τ1 + τ0

(68)

where a = (ηh̃st h̃tr )2 , b = 2ηh̃st h̃tr h̃sr , c = 2h̃2sr + (2/Ps ),
p
p p
and −1 ≤ τi ≤ 0 for i = 1, 2. Defining g(τ1 , τ0 ) =
p 2
p 2
p
p
a((τ1 ) + (τ0 ) ) + b(τ1 + τ0 ) + c, and setting the first-order
p p
p
derivative of g(τ1 , τ0 ) w.r.t. τ0 to zero, we have
 p p
∂g τ1 , τ0
p
= 2aτ0 + b.
(69)
p
∂τ0
p

p

p

Taking the first derivative of f (τ1 , τ0 ) w.r.t. τ1 , we have


  p 2
p
p
 p p
2aτ1 + b 2a τ0 + 2bτ0 + c
∂f τ1 , τ0
 p p
=
p
∂τ1
g2 τ1 , τ0

 
2


p
p
b
2
2aτ1 + b 2a τ0 + 2a + Ps
 p p
=
. (70)
g2 τ1 , τ0
To show the negative or positive of (69) and (70), several
cases are made.
p p
p
Case 1: When −(b/2a) ≤ −1 ⇒ [(∂f (τ1 , τ0 ))/(∂τ1 )]
p p
p
p
≥ 0 and [(∂g(τ1 , τ0 ))/(∂τ0 )] ≥ 0, we then have τ1 ↑⇒
p p
p
p p
f (τ1 , τ0 ) ↑ and τ0 ↑ ⇒ g(τ1 , τ0 ) ↑.
p
Case 2: When −1 < −(b/2a) ≤ 0, − 1 < τ1 ≤
p
p p
p
−(b/2a), −(b/2a) < τ0 ≤ 0 ⇒ [(∂f (τ1 , τ0 ))/(∂τ1 )] ≤ 0 and
p p
p
p
p p
[(∂g(τ1 , τ0 ))/(∂τ0 )] ≥ 0, we then have τ1 ↑⇒ f (τ1 , τ0 ) ↓
p
p p
and τ0 ↑⇒ g(τ1 , τ0 ) ↑.
p
Case 3: When −1 < −(b/2a) ≤ 0, − 1 < τ1 ≤
p
p p
p
−(b/2a), − 1 < τ0 ≤ −(b/2a) ⇒ [(∂f (τ1 , τ0 ))/(∂τ1 )]
p p
p
p
≤ 0 and [(∂g(τ1 , τ0 ))/(∂τ0 )] ≤ 0, we then have τ1 ↑⇒
p p
p
p p
f (τ1 , τ0 ) ↓ and τ0 ↑⇒ g(τ1 , τ0 ) ↓.
p
Case 4: When −1 < −(b/2a) ≤ 0, − (b/2a) < τ1 ≤
p
p p
p
0, − (b/2a) < τ0 ≤ 0, ⇒ [(∂f (τ1 , τ0 ))/(∂τ1 )] ≥ 0 and
p p
p
p
p p
[(∂g(τ1 , τ0 ))/(∂τ0 )] ≥ 0, we then have τ1 ↑⇒ f (τ1 , τ0 ) ↑
p
p p
and τ0 ↑⇒ g(τ1 , τ0 ) ↑.
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p

Case 5: When −1 < −(b/2a) ≤ 0, − (b/2a) < τ1 ≤
p
p p
p
0, − 1 < τ0 ≤ −(b/2a) ⇒ [(∂f (τ1 , τ0 ))/(∂τ1 )] ≥ 0 and
p p
p
p
p p
[(∂g(τ1 , τ0 ))/(∂τ0 )] ≤ 0, we then have τ1 ↑⇒ f (τ1 , τ0 ) ↑
p
p p
and τ0 ↑⇒ g(τ1 , τ0 ) ↓.
Combining cases 1 and 4, we can make a more compact
case, and renamed as case 1.
p
p
Case 1: When −(b/2a) < τ1 ≤ 0, − (b/2a) < τ0 ≤ 0, ⇒
p p
p
p p
p
[(∂f (τ1 , τ0 ))/(∂τ1 )] ≥ 0 and [(∂g(τ1 , τ0 ))/(∂τ0 )] ≥ 0, we
p
p p
p
p p
then have τ1 ↑⇒ f (τ1 , τ0 ) ↑ and τ0 ↑⇒ g(τ1 , τ0 ) ↑.
For example, (P̄2) is equivalent to (P̃2) under the constraint (54) for case 1 with the optimal solution satisfying
p
p
τi = −[1/(2mi + 1)] for i = 1, 2. Otherwise, one can always
p
p
increase τ1 and decrease τ0 to make a larger objective value.
This thus completes the proof of Theorem 1.
R EFERENCES
[1] J. Jeong and D. Culler, “A practical theory of micro-solar power sensor
networks,” ACM Trans. Sens. Netw., vol. 9, no. 1, pp. 1–36, Nov. 2012.
[2] X. Zhou, R. Zhang, and C. K. Ho, “Wireless information and power
transfer: Architecture design and rate-energy tradeoff,” IEEE Trans.
Commun., vol. 61, no. 11, pp. 4754–4767, Nov. 2013.
[3] L. R. Varshney, “Transporting information and energy simultaneously,”
in Proc. IEEE Int. Symp. Inf. Theory, Jul. 2008, pp. 1612–1616.
[4] Q. Wu, G. Y. Li, W. Chen, D. W. K. Ng, and R. Schober, “An overview
of sustainable green 5G networks,” IEEE Wireless Commun., vol. 24,
no. 4, pp. 72–80, Aug. 2017.
[5] P. Gandotra, R. K. Jha, and S. Jain, “Green communication in
next generation cellular networks: A survey,” IEEE Access, vol. 5,
pp. 11727–11758, 2017.
[6] X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, “Wireless networks
with RF energy harvesting: A contemporary survey,” IEEE Commun.
Surveys Tuts., vol. 17, no. 2, pp. 757–789, 2nd Quart., 2014.
[7] N. Van Huynh, D. T. Hoang, X. Lu, D. Niyato, P. Wang, and D. I. Kim,
“Ambient backscatter communications: A contemporary survey,” IEEE
Commun. Surveys Tuts., vol. 20, no. 4, pp. 2889–2922, 4th Quart., 2018.
[8] V. Liu, A. Parks, V. Talla, S. Gollakota, D. Wetherall, and J. R. Smith,
“Ambient backscatter: Wireless communication out of thin air,” ACM
SIGCOMM Comput. Commun. Rev., vol. 43, no. 4, pp. 39–50,
Aug. 2013.
[9] J. Kimionis, A. Bletsas, and J. N. Sahalos, “Increased range bistatic
scatter radio,” IEEE Trans. Commun., vol. 62, no. 3, pp. 1091–1104,
Mar. 2014.
[10] X. Lu, D. Niyato, H. Jiang, D. I. Kim, Y. Xiao, and Z. Han, “Ambient
backscatter assisted wireless powered communications,” IEEE Wireless
Commun., vol. 25, no. 2, pp. 170–177, Apr. 2018.
[11] J. Kimionis, A. Bletsas, and J. N. Sahalos, “Bistatic backscatter radio for
power-limited sensor networks,” in Proc. IEEE Glob. Commun. Conf.,
Dec. 2013, pp. 353–358.
[12] C. Boyer and S. Roy, “Backscatter communication and RFID: Coding,
energy, and MIMO analysis,” IEEE Trans. Commun., vol. 62, no. 3,
pp. 770–785, Mar. 2014.
[13] X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, “Wireless charging
technologies: Fundamentals, standards, and network applications,” IEEE
Commun. Surveys Tuts., vol. 18, no. 2, pp. 1413–1452, 2nd Quart., 2015.
[14] J. Kimionis, A. Georgiadis, A. Collado, and M. M. Tentzeris,
“Enhancement of RF tag backscatter efficiency with low-power reflection amplifiers,” IEEE Trans. Microw. Theory Techn., vol. 62, no. 12,
pp. 3562–3571, Dec. 2014.
[15] P. Chan and V. Fusco, “Full duplex reflection amplifier tag,” IET Microw.
Antennas Propag., vol. 7, no. 6, pp. 415–420, Apr. 2013.
[16] H. I. Cantu, V. F. Fusco, and S. Simms, “Microwave reflection amplifier
for detection and tagging applications,” IET Microw. Antennas Propag.,
vol. 2, no. 2, pp. 115–119, Mar. 2008.
[17] C. He and Z. J. Wang, “Closed-form BER analysis of non-coherent FSK
in MISO double rayleigh fading/RFID channel,” IEEE Commun. Lett.,
vol. 15, no. 8, pp. 848–850, Aug. 2011.
[18] C. He, Z. J. Wang, and V. C. M. Leung, “Unitary query for the m × l ×
n MIMO backscatter RFID channel,” IEEE Trans. Wireless Commun.,
vol. 14, no. 5, pp. 2613–2625, May 2015.

[19] S. N. Daskalakis, R. Correia, G. Goussetis, M. M. Tentzeris,
N. B. Carvalho, and A. Georgiadis, “Four-PAM modulation of ambient FM backscattering for spectrally efficient low-power applications,”
IEEE Trans. Microw. Theory Techn., vol. 66, no. 12, pp. 5909–5921,
Dec. 2018.
[20] S. J. Thomas, E. Wheeler, J. Teizer, and M. S. Reynolds, “Quadrature
amplitude modulated backscatter in passive and semipassive UHF
RFID systems,” IEEE Trans. Microw. Theory Techn., vol. 60, no. 4,
pp. 1175–1182, Apr. 2012.
[21] U. Karthaus and M. Fischer, “Fully integrated passive UHF RFID
transponder IC with 16.7-μW minimum RF input power,” IEEE J.
Solid-State Circuits, vol. 38, no. 10, pp. 1602–1608, Oct. 2003.
[22] P. V. Nikitin, K. S. Rao, S. F. Lam, V. Pillai, R. Martinez,
and H. Heinrich, “Power reflection coefficient analysis for complex
impedances in RFID tag design,” IEEE Trans. Microw. Theory Techn.,
vol. 53, no. 9, pp. 2721–2725, Sep. 2005.
[23] K. Lu, G. Wang, F. Qu, and Z. Zhong, “Signal detection and BER
analysis for RF-powered devices utilizing ambient backscatter,” in Proc.
Int. Conf. Wireless Commun. Signal Process., Oct. 2015, pp. 1–5.
[24] G. Wang, F. Gao, Z. Dou, and C. Tellambura, “Uplink detection and
BER analysis for ambient backscatter communication systems,” in Proc.
IEEE Global Commun. Conf., Dec. 2015, pp. 1–6.
[25] J. Qian, F. Gao, G. Wang, S. Jin, and H. Zhu, “Noncoherent detections for ambient backscatter system,” IEEE Trans. Wireless Commun.,
vol. 16, no. 3, pp. 1412–1422, Mar. 2017.
[26] R. Chakraborty, S. Roy, and V. Jandhyala, “Revisiting RFID link budgets
for technology scaling: Range maximization of RFID tags,” IEEE Trans.
Microw. Theory Techn., vol. 59, no. 2, pp. 496–503, Feb. 2011.
[27] E. Basar, M. Di Renzo, J. De Rosny, M. Debbah, M. Alouini, and
R. Zhang, “Wireless communications through reconfigurable intelligent
surfaces,” IEEE Access, vol. 7, pp. 116753–116773, 2019.
[28] L. Dai et al., “Reconfigurable intelligent surface-based wireless communications: Antenna design, prototyping, and experimental results,” IEEE
Access, vol. 8, pp. 45913–45923, 2020.
[29] Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang. (2020). Intelligent
Reflecting Surface Aided Wireless Communications: A Tutorial. [Online].
Available: https://arxiv.org/abs/2007.02759v1
[30] C. Huang et al., “Holographic MIMO surfaces for 6G wireless networks:
Opportunities, challenges, and trends,” IEEE Wireless Commun., vol. 27,
no. 5, pp. 118–125, Oct. 2020, doi: 10.1109/MWC.001.1900534.
[31] Q. Wu and R. Zhang, “Intelligent reflecting surface enhanced wireless
network via joint active and passive beamforming,” IEEE Trans. Wireless
Commun., vol. 18, no. 11, pp. 5394–5409, Nov. 2019.
[32] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen, “Reconfigurable intelligent surfaces for energy efficiency in
wireless communication,” IEEE Trans. Wireless Commun., vol. 18, no. 8,
pp. 4157–4170, Aug. 2019.
[33] A. N. Parks, A. Liu, S. Gollakota, and J. R. Smith, “Turbocharging ambient backscatter communication,” ACM SIGCOMM Comput. Commun.
Rev., vol. 44, no. 4, pp. 619–630, Aug. 2014.
[34] D. Bharadia, K. R. Joshi, M. Kotaru, and S. Katti, “BackFI: High
throughput WiFi backscatter,” SIGCOMM Comput. Commun. Rev.,
vol. 45, no. 4, pp. 283–296, Aug. 2015.
[35] H. Guo, Q. Zhang, S. Xiao, and Y.-C. Liang, “Exploiting multiple antennas for cognitive ambient backscatter communication,” IEEE Internet
Things J., vol. 6, no. 1, pp. 765–775, Feb. 2019.
[36] P. V. Nikitin and K. V. S. Rao, “Theory and measurement of backscattering from RFID tags,” IEEE Antennas Propagat. Mag., vol. 48, no. 6,
pp. 212–218, Dec. 2006.
[37] B. Lyu, H. Guo, Z. Yang, and G. Gui, “Throughput maximization for
hybrid backscatter assisted cognitive wireless powered radio networks,”
IEEE Internet Things J., vol. 5, no. 3, pp. 2015–2024, Jun. 2018.
[38] Y. Xi et al., “Optimum ASK modulation scheme for passive RFID
tags under antenna mismatch conditions,” IEEE Trans. Microw. Theory
Techn., vol. 57, no. 10, pp. 2337–2343, Oct. 2009.
[39] A. Bletsas, P. N. Alevizos, and G. Vougioukas, “The art of signal
processing in backscatter radio for μW (or less) Internet of Things:
Intelligent signal processing and backscatter radio enabling batteryless
connectivity,” IEEE Signal Process. Mag., vol. 35, no. 5, pp. 28–40,
Sep. 2018.
[40] X. Kang, Y.-C. Liang, and J. Yang, “Riding on the primary: A new
spectrum sharing paradigm for wireless-powered IoT devices,” IEEE
Trans. Wireless Commun., vol. 17, no. 9, pp. 6335–6347, Sep. 2018.
[41] Q. Wu and R. Zhang, “Towards smart and reconfigurable environment:
Intelligent reflecting surface aided wireless network,” IEEE Commun.
Mag., vol. 58, no. 1, pp. 106–112, Jan. 2020.

Authorized licensed use limited to: Korea University. Downloaded on April 26,2021 at 04:18:49 UTC from IEEE Xplore. Restrictions apply.

HUA et al.: BISTATIC BACKSCATTER COMMUNICATION: SHUNT NETWORK DESIGN

[42] Z. B. Zawawi, Y. Huang, and B. Clerckx, “Multiuser wirelessly powered backscatter communications: Nonlinearity, waveform design, and
SINR-energy tradeoff,” IEEE Trans. Wireless Commun., vol. 18, no. 1,
pp. 241–253, Jan. 2019.
[43] J. G. Proakis and M. Salehi, Digital Communications, vol. 4. New York,
NY, USA: McGraw-Hill, 2001.
[44] S. M. Kay, Fundamentals of Statistical Signal Processing. Upper Saddle
River, NJ, USA: Prentice-Hall, 1993.
[45] S. Schaible and T. Ibaraki, “Fractional programming,” Eur. J. Oper. Res.,
vol. 12, no. 4, pp. 325–338, Dec. 1983.
[46] Y. J. A. Zhang et al., “Monotonic optimization in communication and
networking systems,” Found. Trends Netw., vol. 7, no. 1, pp. 1–75, 2013.
[47] H. Tuy, “Monotonic optimization: Problems and solution approaches,”
SIAM J. Optim., vol. 11, no. 2, pp. 464–494, Feb. 2000.
[48] L. P. Qian, Y. J. Zhang, and J. Huang, “MAPEL: Achieving global optimality for a non-convex wireless power control problem,” IEEE Trans.
Wireless Commun., vol. 8, no. 3, pp. 1553–1563, Mar. 2009.
[49] A. Zappone, E. Björnson, L. Sanguinetti, and E. Jorswieck, “Globally
optimal energy-efficient power control and receiver design in wireless
networks,” IEEE Trans. Signal Process., vol. 65, no. 11, pp. 2844–2859,
Jun. 2017.
[50] M. Grant and S. Boyd. (Mar. 2014). CVX: MATLAB Software for
Disciplined Convex Programming, Version 2.1. [Online]. Available:
http://cvxr.com/cvx

7705

Zhengyu Zhu (Member, IEEE) received the Ph.D.
degree in information engineering from Zhengzhou
University, Zhengzhou, China, in 2017.
From October 2013 to October 2015, he
visited the Communication and Intelligent System
Laboratory, Korea University, Seoul, South
Korea, to conduct a collaborative research as
a Visiting Student. He is currently a Lecturer
with Zhengzhou University. His research interests
include information theory and signal processing
for wireless communications such as B5G/6G, the
Internet of Things, machine learning, massive multiple-input multiple-output,
millimeter wave communication, UAV communication, physical layer
security, wireless cooperative networks, convex optimization techniques, and
energy harvesting communication systems.

Meng Hua received the M.S. degree in electrical and
information engineering from the Nanjing University
of Science and Technology, Nanjing, China, in 2016.
He is currently pursuing the Ph.D. degree with
the School of Information Science and Engineering,
Southeast University, Nanjing.
His current research interests include UAV
assisted communication, intelligent reflecting surface, backscatter communication, energy-efficient
wireless communication, X-connectivity, cognitive
radio network, secure transmission, and optimization
theory.
Luxi Yang (Senior Member, IEEE) received the
M.S. and Ph.D. degrees in electrical engineering
from Southeast University, Nanjing, China, in 1990
and 1993, respectively.
Since 1993, he has been with the Department of
Radio Engineering, Southeast University, where he
is currently a Full Professor of Information Systems
and Communications, and the Director of the Digital
Signal Processing Division. He has authored or
coauthored of two published books and more than
200 journal papers, and holds 50 patents. His current research interests include signal processing for wireless communications,
MIMO communications, intelligent wireless communications, and statistical
signal processing.
Prof. Yang received the first and second class prizes of science and technology progress awards of the State Education Ministry of China in 1998,
2002, and 2014. He is currently a member of Signal Processing Committee
of the Chinese Institute of Electronics.
Chunguo Li (Senior Member, IEEE) received the
bachelor’s degree in wireless communications from
Shandong University, Jinan, China, in 2005, and
the Ph.D. degree in wireless communications from
Southeast University, Nanjing, China, in 2010.
In July 2010, he joined the Faculty of Southeast
University, where he is currently an Advisor of Ph.D
candidates and a Full Professor. From June 2012
to June 2013, he was a Postdoctoral Researcher
with Concordia University, Montreal, QC, Canada.
From July 2013 to August 2014, he was a Visiting
Associate Professor with the DSL Laboratory, Stanford University, Stanford,
CA, USA. From August 2017 to July 2019, he was the Adjunct Professor
of Xizang Minzu University, Xianyang, China, under the supporting Tibet
program organized by China National Human Resources Ministry. His
research interests are in cell-free distributed MIMO wireless communications and cyberspace security, and machine learning-based image/video signal
processing.
Prof. Li is an IET Fellow and IEEE CIS Nanjing Chapter Chair.

Inkyu Lee (Fellow, IEEE) received the B.S. degree
(Hons.) in control and instrumentation engineering
from Seoul National University, Seoul, South Korea,
in 1990, and the M.S. and Ph.D. degrees in electrical engineering from Stanford University, Stanford,
CA, USA, in 1992 and 1995, respectively.
From 1995 to 2001, he was a Member of
the Technical Staff with Bell Laboratories, Lucent
Technologies, Murray Hill, NJ, USA, where he studied high-speed wireless system designs. From 2001
to 2002, he was a Distinguished Member of the
Technical Staff with Agere Systems (formerly, the Microelectronics Group,
Lucent Technologies), Murray Hill. Since 2002, he has been with Korea
University, Seoul, where he is currently a Department Head of the School
of Electrical Engineering. In 2009, he was a Visiting Professor with the
University of Southern California, Los Angeles, CA, USA. He has authored
or coauthored more than 190 journal articles in IEEE publications and has 30
U.S. patents granted or pending. His research interests include digital communications, signal processing, and coding techniques applied for next-generation
wireless systems.
Dr. Lee was a recipient of the IT Young Engineer Award at the IEEE/IEEK
Joint Award in 2006 and of the Best Paper Award at the Asia–Pacific
Conference on Communications in 2006, the IEEE Vehicular Technology
Conference in 2009, the IEEE International Symposium on Intelligent Signal
Processing and Communication Systems in 2013, the International Conference
on ICT Convergence in 2020, the Best Research Award from the Korean
Institute of Communications and Information Sciences in 2011, the Best
Young Engineer Award from the National Academy of Engineering in Korea
in 2013, and the Korea Engineering Award from the National Research
Foundation of Korea in 2017. He has served as an Associate Editor for
the IEEE T RANSACTIONS ON C OMMUNICATIONS from 2001 to 2011
and the IEEE T RANSACTIONS ON W IRELESS C OMMUNICATIONS from
2007 to 2011. He was a Chief Guest Editor of the IEEE J OURNAL ON
S ELECTED A REAS IN C OMMUNICATIONS (Special Issue on 4G Wireless
Systems) in 2006. He also serves as a Co-Editor-in-Chief for the Journal of
Communications and Networks. He has been elected as a member of National
Academy of Engineering in Korea in 2015. He is an IEEE Distinguished
Lecturer.

Authorized licensed use limited to: Korea University. Downloaded on April 26,2021 at 04:18:49 UTC from IEEE Xplore. Restrictions apply.

