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Abstract

As the number of communication devices rapidly grows, limited radio resources hardly accommo-
date the every-increasing tele-traffic. As a remedy, spatial modulation (SM) is capable of modulating
additional information onto the index of transmit or receive antennas, which results in substantial
improvement of spectrum efficiency. Moreover, radio frequency (RF) signal based simultaneous wireless
information and power transfer (SWIPT) has attracted tremendous research interest, in order to relieve
the energy-thirst of massively deployed low-power communication devices. In this paper, a receive
spatial modulation (RSM) aided SWIPT system with finite alphabets is studied, in which three different
transmission schemes are proposed, namely the general scheme, the superimposed scheme and the
distinct scheme. Furthermore, the performance of these transmission schemes in the RSM aided SWIPT
system is theoretically analysed. The energy harvested by the receiver is then maximised by jointly
optimising the transmit power of the information signal and the covariance matrix of the energy signal
as well as the power splitting ratio, while satisfying the quality of service of the wireless information
transfer. At last, simulation results validate our theoretical analysis, while they also demonstrate that

the distinct scheme has the best SWIPT performance among these three transmission schemes.
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I. INTRODUCTION

A. Background

In the era of Internet of Things (IoT), low-power communication devices are massively de-
ployed in wireless networks. Accommodating ever-increasing number of communication devices
in limited spectral bands poses great challenges for communication engineers [1]. As one of
the most successful wireless communication technique in the past two decades, multiple-input-
multiple-output (MIMO) system [2] [3] is capable of substantially improving the spectrum
efficiency, which benefits from the spatial diversity and spatial multiplexing gains of multiple
transmit and receive antennas. Recently, index modulation has attracted much research interest,
since it is capable of modulating additional information on the index of sub-carriers [4] and
antennas [5]. Comparing to the conventional method of modulating information on the amplitude
and phase of radio-frequency (RF) signals, index modulation creates another degree of freedom
to substantially improve spectrum- and energy-efficiency, while maintaining a low hardware
complexity.

As a result, spatial modulation (SM) [6] [7] becomes the most popular index modulation
technique. SM is constituted by both conventional modulator and spatial modulator. In the
conventional modulator, such as QPSK and QAM, information bits are modulated by different
amplitudes and phases of carrier signals. The modulated symbol is then transmitted by a single
antenna or a group of antennas, while others are inactive. The index (or indices) of the activated
antennas engaged in transmitting (or receiving) the conventionally modulated symbol is capable
of carrying additional information bits. Modulating information bits by the index of antennas
is known as the spatial modulator. Obviously, only activating limited antennas for transmitting
conventionally modulated symbols sacrifice some of the diversity and multiplexing gains [8].
However, it substantially reduces the hardware complexity of the MIMO system, especially
when it evolves to massive MIMO. Generally, SM is classified into transmit spatial modulation

(TSM) [9] and receive spatial modulation (RSM) [10]. Specifically, TSM modulates information
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bits by the index of the activated antennas transmitting conventionally modulated symbols, while
RSM modulates information bits by the index of the activated antennas receiving conventionally
modulated symbols. TSM is capable of achieving a higher spectrum efficiency than RSM, since
a powerful transmitter always has more antennas than a receiver. However, RSM is more suitable
for low-power communication devices, due to its low hardware complexity on the receiver side.
Apart from the spectrum scarcity, extending the life-time of the battery powered communica-
tion devices is crucial for reducing the maintenance cost of IoT. Since some of the devices are
deployed in human-unreachable places, it is impractical to frequently replace their embedded
batteries. RF signals can be then exploited for far-field wireless power transfer (WPT) [11].
However, conventional wireless information transfer (WIT) has already resided in RF bands.
Coordinating both WPT and WIT in the same bands yields simultaneous wireless information
and power transfer (SWIPT). Normally, received RF signals are split into two portions either in
the time domain or in the power domain by receivers [12]. One portion of received RF signals
is for energy harvesting and the other for information decoding. Therefore, the WIT and WPT
performance can be adaptively adjusted in order to satisfy distinct requirements of receivers.
In an SM system, information signals are targeted on a limited number of antennas of either the
transmitter or the receiver activated for WIT. In order to increase its WPT capability, dedicated
energy signals can be targeted on the rest of antennas, which do not carry any information [13].
By carefully controlling the power of energy signals, the receiver is still capable of recognising
the indices of antennas activated for WIT. The tradeoff of WIT and WPT can be obtained by
adjusting either the number of antennas activated for WIT and WPT or by adjusting the transmit

power of modulated information signal and dedicated energy signal.

B. Related Works

SM has already been widely studied for years in the past decades [9], [10], [14]-[19].
Specifically, in [14], an iterative algorithm was proposed to maximise the Shannon capacity

of SM by optimising the activation probability of transmit antennas. Moreover, Wu et al. [17]
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studied an transmission optimized spatial modulation (TOSM) by adopting the adaptive antenna
selection technique. The low-complexity TOSM is capable of improving both the spectrum-
and energy-efficiency. In order to further increase the attainable spectrum efficiency, SM was
combined with non-orthogonal-multiple-access (NOMA) technique [18]. Furthermore, Zhu et al.
[9] investigated a NOMA aided SM system, in which successive interference cancellation was
adopted by receivers for mitigating the adverse effect of multi-user interference on attainable
spectrum efficiency. In contrast to TSM, Zhang et al. [10] studied RSM by further considering the
pre-coding at the transmitter. In their system, the receiver was capable of directly demodulating
information carried by the RF signal received without any other signal processing, if zero-forcing
based precoder was adopted. In [19], bit- and symbol-level error probabilities as well as attainable

spectrum efficiency of RSM were derived in closed-form expressions.

In order to carefully coordinate both WIT and WPT in RF bands, Hu el al. [20] provided a
systematic architecture introduction of RF signal based SWIPT, which summarised key enabling
techniques of hardware implementation, physical layer, MAC layer and network layer. Specif-
ically, Lv et al. [21] studied MIMO based transceiver design for SWIPT, where the optimal
power splitting factor for each user is obtained. Wang et al. [22] conceived a full-duplex aided
relay, which simultaneously received information and harvested energy from RF signals emitted
by the source and then forwarded the information to the destination by consuming its energy
harvested. Moreover, Zhao et al. [23] proposed an enhanced carrier-sensing-multiple-access-
collision-avoidance (CSMA/CA) protocol for random access of communication devices powered

by RF signal based WPT.

However, the impact of the modulation design on the SWIPT performance has been largely
overlooked by the existing literature so far. The basic principle of the SWIPT oriented modulation
design has been introduced in [24]. Furthermore, constellation reconfiguration based modulation
design was proposed in [25] for the NOMA-SWIPT system. Some initial attempts for SM aided

SWIPT system have been made in [13], [26]-[28]. Specifically, Guo et al. [13] proposed a TSM
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based SWIPT scheme, where one RF chain is equipped at the transmitter. The power splitting
factors are determined by maximizing the throughput of the information receiver subject to a
certain energy harvesting constraint. Meng et al. [26] also studied a TSM-SWIPT system, where
they modulated information by the indices of the activated antenna in order to improve the
spectrum efficiency, while remaining antennas can be relied upon for energy harvesting. Zhang
et al. [27] investigated the energy pattern based modulation design for SWIPT by adopting the
similar methodology of SM. Furthermore, Cheng et al. [28] studied the RSM aided SWIPT
system by analysing the attainable rate and the amount of energy harvested. However, they
only assumes ideally Gaussian distributed transmit signals, while ignoring the impact of finite

alphabets on the SWIPT performance.

C. Contributions

In a RSM aided WIT system, only several receive antennas are activated for modulated
symbol reception and demodulation, while the others remain silent. The basic idea of a RSM
aided SWIPT system is to activate idle antennas for energy harvesting. However, RF signals
received by these idle antennas may interfere the information demodulation. Therefore, we have
to carefully design the transceiver of RSM aided SWIPT system in order to achieve optimal
SWIPT performance. Our novel contributions are summarised as follows:

« We investigated a RSM aided SWIPT system by conceiving three different transmission
schemes, which are differentiated from one another by their distinct ways of superimposing
dedicated information and energy signals at the transmitter.

« The SWIPT performances in terms of energy harvested, the bit-error-ratio (BER) and the
attainable throughput are all derived in closed-form by conceiving finite transmit alphabets.

« The optimal transceiver design of the RSM aided SWIPT system is obtained for the sake of
maximising total amount of energy harvested, while ensuring various WIT requirements.

The rest of our paper is organized as follows: An RSM aided SWIPT system is introduced in

Section II, which is followed by the SWIPT performance analysis in Section III. The optimal
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Fig. 1. Three schemes for RSM aided SWIPT, where the information signal is targeted on the j-th receive antennas

transceiver is then designed in Section IV, while numerical results are provided in Section V.
Finally, our paper is concluded in Section VI.

Notations: In this paper, C denotes the set of complex numbers. E[-] represents the expectation
operation, R(-) represents the operation of taking the real part of a complex number, while tr(-)
represents the trace of a matrix. |x| represents the absolute value of a complex variable x, while
|Ix||, denotes the 2-norm of the vector x. Moreover, X* (or x*) denotes the conjugate transpose of
the matrix X (or the vector x), while (X), ; represents the entry in the i-th row and j-th column

of the matrix X.

II. System MODEL

A MIMO system having a transmitter equipped with N, antennas and a receiver equipped
with N, antennas is considered, where we have N, > N,, as shown in Fig. 1. The coefficients of
the wireless channel between the transmitter and the receiver are denoted as H € CV*V: which
is unchanged during a symbol duration, while varies between different symbol durations. The
classic M-ary PSK/QAM is adopted for modulating information in the conventional amplitude
and phase domain. Resultant modulated symbols {b,,lm = 1,---, M} have a unity power in

average. Therefore, k. = log(M) information bits can be transmitted per channel use. Furthermore,
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additional information bits can also be modulated in the spatial domain by adopting RSM, since
the transmitter may form a beam targeting a specific receive antenna. The index of this targeted
receive antenna is also capable of carrying information bits. Therefore, in the spatial domain,
ky = log(N,) information bits can be transmitted per channel use. We also assume that information

bits ‘1’ and ‘0’ are generated with equal probabilities.

A. Transmit Signal Model

Without loss of generality, when the j-th receive antenna is targeted, the information signal

Sm,; received by the receiver can be expressed as

Smj =10 @bm .07, (1)

jth receive antenna
where P; is the received signal power on the targeted receive antenna. Observe from Eq. (1)
that only the j-th receive antenna receives the conventionally modulated symbol b,,. In order to
increase the WPT performance, dedicated energy signals are simultaneously transmitted to the re-
ceiver. After the channel attenuation, the received energy signal is denoted as w = [wy, - - - ,ri]T,
whose entries are Gaussian distributed random variables having zero means. The covariance
matrix of the received energy signal w is Q = E[ww"]. Therefore, the j-th entry w; in vector w

has a variance of (€2);;. The received SWIPT signal is then expressed as
Yy =Spu;+W. )

Moreover, zero-forcing (ZF) precoder [29] is adopted at the transmitter. As a result, the receiver
do not need further processing on the received signals, which then reduces the demodulation

complexity of the receiver. The resultant ZF precoding matrix A is then obtained as

A =H'HH)". 3)
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Therefore, the transmit signal is derived as x = Ay.

B. Receive Signal Model

The receiver is capable of simultaneously harvesting energy and demodulating information
by implementing a power splitter. The power splitting ratio is p. It represents that a portion
vp of RF signal flows into the energy harvester, while the other portion m flows into
the information demodulator. Therefore, the actual received RF signal for energy harvesting is

expressed as

Ye = VPHX +2,) = VPHAY +2,) = VP(Suj + W +2,), “)

where z, € CV*! represents the Additive White Gaussian Noise (AWGN) imposed on the receive
antennas. For Y, its j-th entry z,; ~ CN(0,0?%) has a zero mean and a variance of ¢02/2 per

dimension.

Moreover, the received signal for information demodulation is expressed by

Y, = Vl _p(HAy + Za) + Zeoy = Vl _p(sm,j + W+ Za) + Zeoy, (5)

where z.,, indicates the AWGN imposed by the pass-band to base-band converter. For V, its

2
cov

2

~ov/2 per dimension.

J-thentry zeo, ; ~ CN(0, 0Z,,) has a zero mean and a variance of o
In order to recover the transmit symbol s,, j, a maximum likelihood (ML) detector is adopted

for reducing the symbol error rate (SER). The demodulation process can be formulated by

(jom) =arg min (ly;/ 1 -p=s, ;I3 (6)
J €[L,N,/]
m e[1,M]

where 7is the estimated index of receive antenna and m is the estimated index of the conven-
tionally modulated symbol, while j  is the trial index of receive antenna and m’ is the trial index

of the conventionally modulated symbol in the hypothesis-detection problem.
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C. Transmission Schemes

Since we superimpose the dedicated energy signals w onto the information signal s,, ;, as
expressed in Eq. (2), the SER performance at the receiver is inevitably degraded. The dedicated
energy signal on different receive antennas may affect the demodulation in both the spatial and
the conventional domains. For instance, if the conventionally modulated symbol is transmitted
by targeting the j-th receive antenna, the energy signal on the j-th receive antenna may interfere
the demodulation in the conventional domain. Moreover, the energy signals received by other
antennas may mislead the demodulation in the spatial domain, since the power of the dedicated
energy signals make the demodulator hard to identify the index of the receive antenna originally
targeted by the transmitter. Therefore, we consider the following three transmission schemes for
superimposing dedicated energy signals on information signals at the transmitter of the RSM

aided SWIPT system:

« General scheme, as exemplified in Fig. 1 (a), allows the dedicated energy signals trans-
mitted by targeting all the receive antennas. For example, if the j-th receive antenna is
targeted for receiving the conventionally modulated symbol, the actual received signal on
the j-th antenna is a superposition of the dedicated energy signal and the conventionally
modulated information signal. By contrast, on other antennas, only dedicated energy signals
are received. The dedicated energy signals in this scheme is obtained as wg ; = w, where
w has been defined in Section II-A.

« Superimposed scheme, as illustrated in Fig. 1 (b), only superimposes the dedicated energy
signal on the conventionally modulated symbol, which targets for the j-th antenna. There-
fore, the dedicated energy signal in this scheme is expressed as wg ; = Ag ;w, where Ag ;
is a N, X N, matrix having its entry in j-th row and j-th column equal to a unity but all
the other entries equal to zero. As a result, the dedicated energy signal only interferes the
demodulation in the conventional domain.

« Distinct scheme, as illustrated in Fig. 1 (c), allows the dedicated energy signals to target
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all the receive antennas except the j-th one, if the conventionally modulated symbol targets
the j-th receive antenna. The dedicated energy signal is then expressed as wp ; = Ap W,
where Ap ; is a N, X N, matrix having its entry in the j-th row and j-th column equal to

zero but all the others equal to a unity.

Intuitively, the general scheme has best WPT performance, since full degree of freedom
in the spatial domain is exploited for transmitting dedicated energy signal. By contrast, the
superimposed scheme and the distinct scheme may have lower SER performance, since the
dedicated energy signal may only interfere the demodulation in either the conventional or the

spatial domain.

III. PERFORMANCE ANALYSIS OF RSM ampep SWIPT
A. WPT Performance Analysis

Without loss of generality, we represent the dedicated energy signal by the vector w. Therefore,

the average energy harvested by the receiver for a single symbol duration is calculated as

E = TE llygll

M
— pr%i Z E [”Smd + W||%] + ETPpE [”zaH%]

N [ N

1 M
=ETp—— > STE| > Wil + (VPiby + w)(Pb}, +w))

1 j=1 li=Li#j

+ éTpN, o

N, [ N,

11 < :
= Tparnm > D B il + Pylbul + 2R(VP.Bw)

m=1 j=1 Li=1

+ ETpN, o

= ETp(P + Tr(Q) + N,a2), (7)

where T represents the transmitting duration for a single symbol, & € [0, 1] represents the energy
harvesting efficiency.
For the General Scheme of Section II-C, the amount of energy harvested Es can be calculated

by Eq. (7), since we have wg ; = w.
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For the Superimposed Scheme, we substitute w by ws ; = Ag ;w in the fourth line of (7). The
corresponding energy harvesting performance is derived as
11
Es = &Tpyiar >, D B [lons + ws IB] + €708 [l

m=1 j=1

= éTp(Py + Tr(Q)/N, + N,o). ®)

Finally, By substituting wp ; = Ap jw into Eq. (7), the energy harvesting performance of the

Distinct Scheme can be expressed as

M N,

Ep = €Tporar D B[lon + o ] + €705 Iz ]

m=1 j=1

= ETp(P, + (N, — DTH(Q)/N, + N,o2). )

B. BER Performance Analysis

Regardless of any specific transmission scheme, we still use w to represent the dedicated energy
signal. The alphabetical set of the modulated symbols is denoted as S = {s,,;|j € [1,N,],m €
[1, M]}, whose cardinality is |S| = MN,. The union-bound approach [10] is then exploited for
deriving the upper-bound of the BER € of the RSM aided SWIPT, when the ML detector is

adopted. The upper-bound of the BER € is then expressed as

1
=g D) D s = 50, (10)

S, €S 81,1 €5#5m,j

where k = kg+k, is the total number of bits carried by a modulated symbol in both the spatial and
conventional domains, d(s,,;, S,;) represents the Hamming distance between the information bits
carried by the symbol s, ; and those carried by the symbol s, ;, whereas 7(s,,; — s, ;) represents

the pairwise error probability (PEP) that the transmit symbol s, ; is demodulated as s,,;.
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12
1) PEP derivation: There are three cases of 7(s,,; — S,;), which is formulated as

Ts (sm,j - Sm,i)’i * j, m=n,

T(Sp,j = Sn;) = Te(Spj = Spj),i = j,m # 1, (11)

TB(Sm,j - Sn’,’),l' * j,m #n.

In Eq. (11), 75(S,,j — Sm,i) represents the probability of the demodulation error only occurring in
the spatial domain and 7¢(s,,; — S, ;) is the probability of the demodulation error only occurring
in the conventional domain, while 75(s,,; — s,;) is the probability of the demodulation error
occurring in both spatial and conventional domains. The following theorems are then proposed
for deriving these three probabilities.

Theorem 1: The probability of the original transmit symbol s, ; being demodulated as s,,;,
the probability of the original transmit symbol s,, ; being demodulated as s, ; as well as the
probability of the original transmit symbol s,, ; being demodulated as s,; are formulated as:

VPlb,| J
VL 2+ @), 2+02+02 [0-p))

TS(Sm,j — Spi) = 0

VP (Ib,* + |bul?)/2 = R(D;,by)
TC(Sm,j - sn,j) = Q 5 5 > (12)
by = bl N();j/2 + 72/2 + 02, /2(1 — p)
_ VP (Iba* + 1bul?) /2
TB(Sm,j — 8,i) = Q .
VI P()ii/2 + 1bw(), /2 + (b + 1bP)(02/2 + 72, /2(1 — p))
Proof: Please refer to Appendix A for detailed proof. [ ]

2) BER derivation: The upper-bound of the corresponding BER can be then derived as

1
~ kMN,

Z d(Sm, s Sim,i)Ts (S, i Sm,i)

Sm’jES Sm_,'ES
i#]

€

+ Z d(sm,j’ Sn,j)TC(Sm,j - sn,j) + Z d(sm,j’ sn,i)TB(sm,j - sn,i) . (13)

Sn_jES Sn’,’ES
n#m i#jn#Em

For the General Scheme, we have wg ; = w. Its corresponding covariance matrix is formulated
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as Qg ; = Q. Therefore, its corresponding PEP 7§, 7%, 74 can be calculated by Eq. (12),
respectively. By substituting these PEPs to (13), the BER ¢; of the General Scheme can be

derived.

For the Superimposed Scheme, we have ws ; = Ag jw, since the information targets the j-th
receive antenna. Its corresponding covariance matrix is formulated as Qg ; = Ag ;QAS ., which
satisfies (g ;);; = ();; - Ind(i = j), where Ind(x) is a indicator function satisfying Ind(x) = 1,
if the boolean parameter x is true, and /nd(x) = 0, otherwise. By substituting Qs ; to Eq. (12),

respectively, the PEPs of the Superimposed Scheme are formulated as

VP, b, J
V@), 2+ 02+ 02, /(0-p))
VP(ba> + 1) /2 = R(D% by
by — bl ()72 + 022 + 0%, J2(1 — p)] ’
VP,(Ib,l* + 1b,*)/2 )
b (€),;72 + (b7 + b 02/2 + 02, 72(1 - p)))

S
TS (Sm,j - Sm,i) = Q

(14)

s
Te(Sm,j = Snj) = 0O

S
TB(Sm,j - Sn,i) = Q

respectively. The upper-bounded BER &5 can be further derived by substituting 75, 7% and 73, to

Eq. (13).

For the Distinct scheme, we have wp ; = Ap ;w. Its corresponding covariance matrix is Qp ; =

Ap, jQA*D’ It whose element in the i-th row and the i-th column satisfies (£2p ;);; = (£2);; - (1 —

Ind(i = j)). By substituting p ; to Eq. (12), the PEPs of the Distinct Scheme are formulated as

VP, b, ]
V@ 2+ a2 +0% J0-p))
VP(b, > + 1b,)/2 = R(B,by)
by = bl \Jo2/2 + 02 J2(1 —p)]’

VP(bal* + 1bl?)/2 ]
VB (Q):/2 + (b + 1bulP)(02/2 + 02, /2(1 — p))

D
TS (Sm,j - Sm,i) = Q

15)

D
Tc(Sm,j = Snj)) = O

D
TB(sm,j - Sn,i) = Q

The upper-bounded BER ¢, of the Distinct Scheme can be further derived by substituting 7%,

72 and 7% to Eq. (13).
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C. Throughput performance analysis

The information transmission between the transmitter and the receiver can be modelled as a
memoryless binary symmetric channel (BSC). The crossover probability of the BSC is the BER
derived in Section III-B. Therefore, the mutual information I(x;y) of the RSM aided SWIPT

system between the input bit x € {0, 1} and the estimated output bit y € {0, 1} is formulated as

1(x;y) = H() — HO), (16)

where H(-) is the entropy function. Given the generation probability p,, of bit 0 and that p,; of

bit 1, H(y) is expressed as

H({y) = - pywlog(ps) — pyi log(ps)
= — (PxoPsoi0 + Pxi Pyoi1) 10g(Pxo Pyopo + Pt Pyojxt)
— (PxoP511:0 + Pa1 P31x1) 10g((Pxo P10 + Pt Pyt ), (17)
where py; is the probability of the estimated output bit being y = j for j € {0, 1}, py;. is the
probability that the input bit x = i is decoded as the estimated output bit y = j. In the BSC,

we have pyo = pyiwo = €, Where € is either €5, €5 or €p, when the corresponding transmission

scheme is adopted. Then, H(y) of Eq. (17) can be reformulated as

H@Y) = =(pxo(1 = €) + pre)log(py(l — €) + pa€) — (pu(l — €) + pre)log(pa(l — €) + pye).
(18)

By substituting p,o = p. = 0.5 into (18), the entropy of the channel output is H(y) = 1. In this

case, the noise entropy H(y|x) is derived as

HGW) == > pu > pyjilog(ps) = —€eloge - (1 - €)log(l - e). (19)

i€{0,1} Jj€{0,1}
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Finally, the achievable rate during each transmission becomes
R = kI(x;y) = k(1 + eloge + (1 — €) log(1 — €)), (20)

where k is the number of bits carried by a modulated symbol in the RSM aided SWIPT system.
By substituting € in (20) by €5, €5 and €p, respectively, the achievable rate R, Rs and Rp of

all three transmission schemes can be derived accordingly.

IV. TraNsceiver DEsiGN oF RSM ampep SWIPT

A. Problem Formulation

The transmit power at the transmitter is calculated as:

P, =E[tr(xx")]

=1/N,P,tr(AA) + tr(AQA®), 1)

which is also the transmit power for the General Scheme. For the Superimposed Scheme and
the Distinct Scheme, the term “tr(AQA™)” of (21) is substituted by %%A*) and %(AQA),
respectively.

A general optimal transceiver design for all these three transmission schemes is formulated

as

(P1) max (22)
s.t. €< ey, (22a)
R > Ry, (22b)

P, < Pax. (22¢)

(P1) aims for maximising the energy harvested at the receiver by finding the optimal signal

power P, of the modulated information signal, covariance matrix £ of the dedicated energy
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signal as well as the power splitting ratio p at the receiver, while ensuring that the BER upper
bound € should be lower than a specific threshold €, as expressed in (22a), and the achievable
rate R should be higher than a specific threshold Ry,, as expressed in (22b). Furthermore, the
transmit power P, is not allowed to exceed Py, as expressed in (22c).

According to (20), the information rate R of the RSM aided SWIPT system is always a
monotonously decreasing function with respect to the BER €. Therefore, the constraints (22a)
and (22b) can be substituted by a single constraint of € < €}, where €, is carefully chosen for
simultaneously satisfying the original rate and BER constraints. The original problem (P1) is

then reformulated as

(P2) max E (23)
st €< e, (23a)
P; < Prax. (23b)

B. Characteristics of Dedicated Energy Signal

By exploring the characteristics of the dedicated energy signal, we may substantially reduce
the number of variables to be optimised. Since dedicated energy signals targeting for different
receive antennas are independent of each other, we have ();; = 0 for i # j in the covariance
matrix Q. Therefore,  only has N, non-zero elements in its diagonal.

Remark 1: The BER upper-bounds €g, €5, €p are all monotonically decreasing functions with
respect to (w.r.t.) the signal power P;. They are also monotonically increasing functions w.r.t.
the power slitting ratio p and all the diagonal elements of the covariance matrix . So are the
energy harvesting performance Eg, Es and Ep.

Let A; for j=1,---,N, represents the j-th column of the transmit precoding matrix A, the
following theorem provides the main characteristics of the covariance matrix of the dedicated

energy signal:
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Theorem 2: When a solution to (P2) is optimal, the energy signal must satisfy ();; = 0, if we
have ||Aj||§ > Ni ZZ’I ||Ai||§ for j=1,---,N,. This theorem is valid for all the three transmission

schemes of Section II-C.

Proof: Please refer to Appendix B for detailed proof. [ ]

C. Convex Transformation

Although the function Q(x) is concave w.r.t. x, the upper bound BER € is not convex w.r.t.
P; and Q. Therefore, we aim for transforming the non-convex (P2) to a convex optimisation
problem. According to Eq. (13), the BER upper bound € consists of three parts, namely 7s, T¢

and 7. Therefore, (P2) can be reformulated as

(P3) glg)zE (24)
s.t. Ts(Smj = Smi) < €,Vi# je[1,N,],me[l, M], (24a)
Tc(Sm,j = Snj) < €,Vje€[1,N,],m#ne€[l,M], (24b)
T8(Sm,j — Sni) < €,Vi# jE[L,N,],m#nel[l,M], (24¢)

P; < Py (24d)

The corresponding upper bound BER of (P3) has to satisfy the following inequality:

kiwl Z Z d(sm’j’ S"”')T(Smaj - Sn,i),

E =

r Sm_jES S,,_,'ES

Sn,i#Sm,j

1 ’
< D disn s < € (25)
kMN,
Sm €S $,,i€S
Sn,iism,j

where the first inequality is derived by considering the constraints (24a)-(24c). The second

inequality of Eq. (25) guarantees that the solution to (P3) also satisfy the BER constraint (23a)
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of (P2), if we have

kMN, €,
2 2 d(sm,ja Sn,i) .

Sm,j eS Sn,i €S
Sn,i #Sm, J

(26)

€ =

Since constraints (24a)-(24¢) of (P3) constitute a sufficient condition of the constraint (23a) of

(P2), the optimal solution to (P3) is a lower-bound of that to (P2).

Moreover, according to Theorem. I, (P3) can be further reformulated as

(P4) max E (27)

Py Q.p

Px|bm|2 —1 2 . .
s.t. @2+ Q2+ (T —p) >(Q (), Vi# je[I,N,],me[l,M] (27a)

cov

P, (bl + [baP)/2 = R, b))
by = bl ((R);/2 + 02/2 + 02, /2(1 = p))

> (0 (&), Vje[l,N,],m#ne[l,M]

(27b)

P, (b2 + 1ba)/2) o

P72 + o (@),,72 % (bnl? + ouP X212 4 220 — )~ C (O
Vi# je[l,N,],m#nell, M] (27¢)
P, < P 27d)

where Q7!(-) is the inverse function of Q(-) and € can be replaced by Qg j» Qs j or Qp

respectively, for characterising the corresponding transmission schemes.

Unfortunately, (P4) is still non-convex, since P, £ and p are coupled with one another. Based

on Eq. (21), the transmit power can be further expressed as

N,
s Ps
P, = ,Zl 1A 115 (ﬁ, + <sz>,~,,-). (28)
Moreover, based on Eq. (7), the energy harvested by the receiver is reformulated as

N,
E = Tp(P, + Z(Q) i+ N2, (29)

=1
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Since maximising the amount of energy harvested is the same as maximising its logarithm

function, by defining u = ﬁ, (P4) can be further equivalently transformed as

-1 Ny
(P5) max log(E) = log(éT) + log('u—) + log(P; + Z(Q)j’j + N,oﬁ)
RCIRINT M -

j=1
St Py> a0+ a), (Q) + @, ,(Q);; + . Vi # jE[L,N,],me[1, M]

m, m,1

Py>af o+ a5, ,(Q);;+as, . Vje[1,N],m#ne[l,M]

Py>ab,o+an, (Q+ab,,(Q);;+ah, Vi je[l,N],m#nel[l,M]

N, P
DA (ﬁs - (snj,j) < Pras,
J=1 !

where we have

oS _(Q%m%zas _ oS = @@’ s _ (@ @)’
m,0 - |hm|2 > m,1 - m,2 - 2|bm|2 > 'm,3 - |bm|2 ’
of = (0~ (&) lby—by P02 of = (0~ (0))*Ibu=bwml*
- . 2 - B 2
M0 (bR 2Ry b)) 2 2((baP+HbwP)2-RB b))
of = (0" (€)*1bn=buml* T2, o = 20 @)’on B _ (0 ()b
M3 ((baPHbmP) 2= R b)) 0 ((baPHEW)/2)” L (b, P41bl)/2)
of = 0@V lbul’ B _ 20 '(«) 0l
mn2

2P+ 2)" 3 T ((buP+bul)/2)
Theorem 3: (P5) is concave w.r.t. P {();;lj=1,---,N,} and p.

Proof: Please refer to Appendix C for detailed proof.

(30)

(30a)
(30b)

(30c)

(30d)

€1V

Therefore, the concave optimisation problem (P5) can be efficiently solved by exploiting the

convex optimisation tools, such as CVX [30].

V. NuUMERICAL RESULTS

The performance of the RSM aided SWIPT system are then evaluated by both theoretical

analysis and Monte-Carlo simulation. We consider N, = 8 antennas for the transmitter and

N, ={2,4, 8} antennas for the receiver. The classic QPSK, 8PSK and 16QAM are adopted as the

conventional modulator. The channel coefficient H between the transmitter and the receiver is

December 11, 2019
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Fig. 2. Validation of theoretical analysis, when QPSK is adopted in the conventional domain and N, = 2.

expressed as H = Cd™® where d = 10 m is the distance between the transmitter and the receiver
and 3 = 3 is the path-loss exponent, C € C’*Nr represents the multipath Rayleigh fading having

a unity mean. The noise power is 02 = o2, = =60 dBm.

A. Validation of Theoretical Analysis

We first validate our theoretical BER analysis in Fig. 2, where the variances of the dedicated
energy signal are set to (2);; = --- = (Q)y,n, = —20dBm and the power splitting ratio is
set to p = 0.99. The information-signal-to-noise-ratio (ISNR) in the x-coordinate is given as
ISNR = P(1 — p)/((1 = p)o2 + o%,,). Observe from Fig. 2 that the theoretical upper bound
of the BER is almost the same as the actual BER of the Monte-Carlo simulation. Since the
gap between theoretical and simulation results is negligible, we choose to use our theoretical
analysis to evaluate the system performance, while abandoning the time-consuming Monte-Carlo
simulation based performance evaluation. Furthermore, we also observe from Fig. 2 that the

Distinct Scheme outperforms the other counterparts in terms of the BER.

B. SWIPT Performance

With the same parameter settings as Fig. 2, we evaluate the BER performance by adopting

different conventional modulators as well as different number of receive antennas in Fig. 3.
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(a) BER versus ISNR with different modulator, where N, = 4 (b) BER versus ISNR with different number of receive anten-
nas number using QPSK

Fig. 3. BER versus ISNR of the RSM-SWIPT system

Observe from Fig. 3 that the Distinct Scheme has the lowest BER, while the General Scheme
has the highest BER. This is because in the General Scheme, the dedicated energy signals are
transmitted by targeting all the receive antennas. As a result, they impose serious interference on
the demodulator in both the conventional and spatial domain. According to the BER comparison
between the Distinct Scheme and the Superimposed Scheme, we observe that the interference on
the conventional demodulator has more adverse impact on the demodulation than the interference
on the spatial demodulator. Moreover, as illustrated in Fig. 3(a), QPSK outperforms both 8PSK
and 16QAM in terms of the BER performance. Observe from Fig. 3(b) that having more receive
antennas may increase the BER, since the receiver is more likely to recover the conventional

information targeting a wrong receive antenna.

With the same parameter settings as Fig. 2, we plot the energy harvested per symbol versus
ISNR by adopting different number of receive antennas in Fig. 4, where we set the symbol
duration T = 107%s. Observe from Fig. 4 that the General Scheme achieves the highest en-
ergy harvesting performance, since the dedicated energy signals target all the receive antennas.
Meanwhile, the Superimposed Scheme has the lowest energy harvesting performance. Note that

in the Superimposed Scheme, the energy harvesting performance is uncorrelated to the number of
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Fig. 5. R-E region of the RSM-SWIPT system
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receive antennas, since the dedicated energy signal always targets a single antenna. By contrast,

for the General Scheme and the Distinct Scheme, the energy harvesting performance increases,

when we have more receive antennas.

We then plot the rate-energy (R-E) region in Fig. 5 by changing the power splitting ratio

p from 0.001 to 0.999, where ISNR is set to 30dB and the variance of energy signal remains

unchanged. Observe from Fig. 5(a) that for every transmission scheme, the maximum amount of

energy harvested by adopting different conventional modulators is always the same. Moreover, for
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Fig. 6. Energy harvesting power versus BER threshold, where N, = 4

a specific conventional modulator, the General Scheme achieves the highest energy harvesting
performance but the lowest rate. By contrast, the Distinct Scheme achieve the lowest energy
harvesting performance but the highest rate. Note that the rate difference between the General
Scheme and the Distinct Scheme becomes larger, when the order of the conventional modulation
increases. Another interesting observation is that the General Scheme associated with 16QAM
has the lowest rate. This is because although the spectrum efficiency of 16QAM is the highest, its
BER performance by adopting the General Scheme is the poorest, which results in the lowest rate.
Furthermore, the impact of the number of receive antennas on the R-E region is investigated in
Fig. 5(b). The maximum energy harvesting performance of the Superimposed Scheme keeps the
same, when different number of receive antennas are conceived. By implementing the General
Scheme and the Distinct Scheme, increasing the number of receive antennas may enlarge the
R-E region. Furthermore, as shown in Fig. 5, the Distinct Scheme has the largest R-E region.
Moreover, the General Scheme is the best choice for WPT, when the requirement of the WIT

is not very stringent.
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C. Optimal Transceiver Design

We investigate the tradeoff between the maximum WPT performance and the WIT requirement
in Fig. 6 by obtaining the near-optimal transceiver design of (P2). As shown in Fig.6, the
maximum energy harvested increases, as we relax the BER requirement. Furthermore, observe
from Fig.6 that when the BER threshold is fixed, a higher order modulator always achieves a
lower WPT performance. This is because that when the signal power P, the covariance matrix €
of the dedicated energy signal as well as the power splitting ratio p is fixed, the WPT performance
of modulators having different orders is always the same, according to Eq. (7). However, since the
Euclidean distance between the adjacent constellation points is small, a higher order modulator
always has a lower BER performance. Therefore, when a lower order modulator is adopted, we
could increase the power splitting ratio p to obtain the same BER as the higher order one, while
the WPT performance is consequently improved. Moreover, the Distinct Scheme outperforms its
counterparts in terms of the maximum amount of energy harvested, when the BER requirement

is fixed.

VI. ConcLusION

In this paper, we studied an RSM aided SWIPT system associated with three different transmis-
sion schemes, namely the General Scheme, the Superimposed Scheme and the Distinct Scheme.
Various SWIPT performance has been analysed in closed-form. Furthermore, the transceiver is
optimised for maximising the WPT performance by finding the optimal covariance matrix of
the dedicated energy signals, the transmit power of the modulated information signal and the
power splitting ratio, while ensuring various WIT requirements. A number of numerical results
validates our theoretical analysis and optimal transceiver design, while demonstrating that the

Distinct Scheme has the best performance in the RSM aided SWIPT system.
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APPENDIX A

ProOF OF THEOREM 1

According to the PEP definition [10], the probability of the original transmit symbol s, ;
being demodulated as s,,; is then derived as Eq. (32), where y; ; represents the j-th element of
y:. Since we have w; ~ CN(0,(R);)), zo; ~ CN(0,02) and zeovj ~ CN(0, 02,,), while w;, w;,
Za,i» Zaj» Zeov,i aNd Zeoy ; are independent random variables, the Left-Hand-Side (LHS) of Eq. (32)
obeys a Gaussian distribution of N(0, Py|b,|*((22);:/2 + (2),,/2 + o2+ 02, /(1 — p))). Therefore,

Ts(Sm,j — Sm;) 1s derived as Eq. (12).

The probability of the original transmit symbol s,, ; being demodulated as s,, ; is then derived as
Eq. (33). Similar to the derivation of Eq. (32), the LHS of Eq. (33) obeys a Gaussian distribution
of N(0, Pylb, — b, |*(R); /2 + 02/2 + 02,,/2(1 = p))). Therefore, Tc(S,,; — s,;) is derived as Eq.
(12).

The probability of the original transmit symbol s, ; being demodulated as s,; is then derived
as Eq. (34). Similarly, the LHS of (34) obeys a Gaussian distribution of N(0, P|b,[*(€2);;/2 +
Pilb,u*(R); /2 + Ps(1bl* + 1byl*)(02/2 + 02,/2(1 = p))). Therefore, 75(s,,; — S,;) is derived as

Eq. (12).

APPENDIX B

ProOOF OF THEOREM 2

For the General Scheme, let PI, Q" and ,oT constitute the optimal solution to (P2), while we
have ||A j||§ > Nl Zfi’l ||A,-||§ and (Q") ;i # 0. The corresponding energy harvesting performance,
the transmit power and the BER are denoted by EZ;, P,T and eg, respectively. If another solution

{pt, P¥, Q%) satisfies p* = pf, P} = P} +(Q");;, (@%);; = 0 as well as (QF);; = (QF);; for i # j,
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T5(Smj = Sms) = Pr|lIys/ VT =p = su,lB > Iys/ VT = p = smill3]
= Pr[Pylbul = 2R ((y1;) VPbul NT=p) > Pulbul = 2R (1) NPibu/ NT= )|
= Pr[R (1) VPsbu/ T=p) =R (1)) VPibu/ NT=p) > 0]
[R (V1= p0wi +200) + Zeovi) VPbu/ 1= p)
~R((VT=p(VPsbu + W)+ 20) + Zeovj) VPsbu/ \T=p) > 0]

R(\/P_b* (Wi —Wj+Zai— Zaj T (Zcovi _Zcovj)/ Vl _p)) > Ps|bm|2 .

Tc(Smj = ) = Prllys/ V1= p = s i3 > llys/ \/_p a3 ]
= Pr|Pudbul = 2R (01.)" VPbul NT=p) > Pulbil? = 2R (1) VPiba/ T =)
= Pr[ (017 VPsbaf NT=p) = R(1.)" VPbu! NT=p) > Po(lbal” = 1bn*)/2]
|R((NT=p(VPby +w; + 20)) + 2eov))” VPibul NT = p)
“R((V1 = p(VPby +w; +20)) + zeov.)” VPl N1 = p) > Py(lbul’ = 1b)/2]

=Pr

=Pr 32)

=Pr

R(VPB; = ) (W) + 2 + Zeov il N1 =p)) > Pullbal® + 1B2)/2 = RPD, b)]

LHS

(33)
(S = $us) = Pr(lye/ V1= p = s B > llys/ V1= p = s3]
= Pr|Pulbul = 2R (71.)" VP:bul NT=p) > Pulbil® = 2R ((1)" Psbu/ T =p))]
= Pr[R(01)" VPsba/ NT=p) = R(01,))° VPbw/ 1= p) > Pi(lbul® = 1bu*)/2]
= Pr|R (V1 = pOi + 200) + Zeovs)” VPbu/ N1 = p)
“R((VI = p(VP b+ w; + 20)) + Zeon )" VPl NT = p) > Py((ba* = 1b)/2]

cov,i < j P, bn2+ me
= Pr|R| VP, + 20s + —2 ) = \JPbE (W) + 2+ —l | > Uou 1) |

Vi Vi 2

LHS

(34)
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by substituting {p*, P¥, Q*} to Eq. (7), the energy harvested by the receiver can be calculated as

E§, = ép(Pt + Tr(QY) + €pN, 0,
= &p(P] +(Q);; + T Q") — (QF),)) + épN, 0,

=E. 35)
Moreover, by letting Q* = Q' — QF, the transmit power at the transmitter is calculated as

1
P! :ﬁPftr(AA*) + tr(AQ*A%)
1
:V(PI + (Q0); Hr(AAY) + tr(A(QT — QYAY)

=P + NL(Q*) iT(AAY) — tr(AQPAY)

N,
1 r

=P] +(@)| 5 D IAME ~ 1A
"=l

<Pl < P (36)

Furthermore, since we have p* = p', Pf, > PI and (%) i < Q" ;,j» the BER of the new solution

PP S R
must satisfy €, < €; < €.

Therefore, {p*,Pf,Qi} achieves the same energy harvested with its counterpart {pT,PI,QT},
while its BER performance is lower than the requirement et'h. Therefore, we may increase p* until

we have eé =€

+» While the energy harvested is consequently increased to be higher than EZ;

This result indicates that {p', PT, Q'} is not the optimal solution, which violates the assumption.
As a result, when the solution achieves optimality, the covariance matrix of the dedicated energy

signal has to satisfy (Q);; = 0, if we have ||A}l}3 > + SV IAR , for Vji=1,---,N,.

Similar proofs can be obtained by letting P: = P! + NL(QT) j,j for the Superimposed Scheme,

and P* = P + %=L(Q), ; for the Distinct Scheme.

December 11, 2019 DRAFT



28

AppPENDIX C

ProOF OF THEOREM 3

At first, the objective function of (P5) is re-grouped as log(E) = f(u) + g (Ps, {(Q); j}), where

£(u) = 10g(€T) + log(“=1) and g (P, ((R);;}) = log(P, + %(Q) i + N,o2). We then prove the
j=1

concavity of f(-) and that of g(-), respectively.

f() is a concave function w.r.t. u. The second-order derivative of f(u) is derived as

Pf (1 1
o :(;7_ (- 1>2)‘ en

Since p is lower than 1, we have u > 1 and % < 0.

o g(*) is a concave function w.r.t. Py and {{(2);;|j = 1,---,N,}}. In order to improve the read-

ability, we substitute P by the notation x;, and substitute {(€2);;lj = 1,---, N,} by the nota-
tions {x;.|j = 1,---,N,}. Therefore, the function g(-) is reformulated as g(x;, -, xy,+1) =

log(z}f\i’l+ Uy, +N,0'§), where the Hessian matrix of the function g(xi,-- -, xy.+1) is expressed

as
[ S &g
ax? 0x10XN, +1
G = : : , (38)
_Pe .. __ P
OxXN,+10x1 OXN,+10XN, +1
02 . . . .
where =5 = 1 fori=1,---,N,+1land j=1,---,N,+ 1. Obviously G is a

0x;0x; (Zl_\,’”{l xy +N,; 02
i =

non-positive definite matrix, which indicates the concavity of g(xi,-- -, xn.+1).

Since both f(-) and g(-) are concave functions w.r.t. Py, {();;lj =1,---,N,} and p, their
summation log(E) is also concave w.r.t. these variables. Moreover, (30a)-(30d) of (P5) are
linear constraints w.r.t. P, {(€);;lj = 1,---,N,} and u. As a result, (P5) is a concave

optimisation problem.
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