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Abstract. In contrast to conventional preprocessing aided spatial modulation (PSM), which carries partial
information using the indices of receive antennas, we exploit one receive antenna to implicitly convey
information and meanwhile harvest energy at the remaining antennas. Based on this, we propose two novel
beamforming schemes. The first scheme is to maximize the sum energy harvested by the receiver. And the
second scheme is to maximize the minimum receiving power on each antenna except for the antenna whose
index conveys information. A closed form solution and an iterative algorithm are given, respectively.
Simulation results demonstrate that proposed two schemes can harvest a certain amount of energy with
nearly same achievable rate. But the second scheme is superior to the first scheme and PSM scheme in terms
of bit error rate (BER) performance.

Keywords: Space shift keying (SSK), simultaneous wireless information and power transfer (SWIPT),
transmitter zero forcing (TZF).

1. Introduction

Spatial Modulation (SM) technology has drawn intensive attention since it has been proposed for its
higher spectral efficiency and lower system complexity. In contrast to conventional MIMO technologies, for
SM technology, only one transmit antenna is activated and a single-radio-frequency (RF) is required each
time. Therefore inter-antenna synchronization at the transmitter and inter-channel interference can be
completely avoided [1].

Similarly, as a novel MIMO technique, SSK modulation can be considered to be a simplified form of
spatial modulation, which only employs the indices of the transmit antennas to convey information. The
technique takes advantage of the differences in the signals received from different transmit antennas to
distinguish the transmitted information messages. In [2], a pragmatic communication strategy for the use of
SSK modulation in two amplify-and-forward relaying is proposed. In the strategy, the transceiver employs
SSK modulation to send the signal and detects the signal based on the maximal-ratio combining principle.

Different from SSK modulation, conventional SM conveys information both by the indices of the
transmit antennas and by modulation symbol. At the transmitter, the transmission data streams are divided
into two parts. One part is transmitted by employing conventional phase shift keying (PSK)/quadrature
amplitude modulation (QAM) and the other part is implicitly transmitted by activating a single transmit
antenna. [3] considers a generalized SM with multiplexing (GSMM), where multiple transmit antennas are
activated. They presented a general capacity analysis encompassing different forms of SM accompanied by
tight lower and upper bounds of the achievable rate. In [9], the authors proposed a novel scheme, in which,
spatial modulation works in both phase and quadrature parts of received signals. A virtual spatial modulation
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scheme that performs index modulation on virtual parallel channels is proposed in [10]. This scheme
conveys information through both the indices of virtual parallel channels and the M-ary modulated symbols.

More recently, a new transmission scheme, which is called receive SM (RSM) is proposed in [4]. By
assuming channel state information (CSI) is known at transmitter, the transmit power is focused only on one
receive antenna selected according to the transmitted information. This can be realized with the help of
transmitter zero forcing (TZF) preprocessing. Furthermore, [5] studied the secrecy mutual information of
PSM for multi-antenna eavesdropper wiretap channel. The precoding design achieves a good tradeoff of the
performance between Bob and Eve via maximizing the power received at Bob while simultaneously
minimizing the power received at Eve.

Though there are many papers about various forms of SM, but only few papers combine SM with energy
harvesting. A new concept of an energy pattern aided SWIPT system is proposed in [6], where in addition to
power transfer, information is conveyed by the specific receive antenna indices to which the power is
delivered as well as by the conditional modulation symbol. In [7], a wireless-powered communication
(WPC) system is considered where a wireless device (WD) communicates to an information receiver (IR)
with the harvested radio frequency (RF) energy from a wireless energy transmitter (WET). The idea is that
an antenna of the WD sends information to IR and at the same the rest of the antenna harvests energy from
the WET.

Inspired by [6] and [7], a SSK-MIMO simultaneous wireless information and power transfer (SWIPT)
system is considered. We attempt to only use the index of one receive antenna to convey information, and
simultaneously utilize the rest antennas to harvest energy. This can be achieved by forcing the transmit
power of the selected antenna to zero and allocating total power to other receive antennas. Then we propose
two sub-optimal beamforming schemes to maximize correct detection probability of the selected antenna
index. The first scheme is to optimize the total harvested energy, and the second scheme is to maximize the
minimum receiving power on each antenna apart from the antenna carrying information. To solve the
optimization problem of two schemes, a close form optimal solution is given for the first scheme and an
iterative algorithm is presented for the second scheme. Simulation results demonstrate that though the first
scheme can harvest more energy than the second scheme with approximately equal achievable rate, but the
BER performance of the second scheme outperforms the first scheme and PSM scheme.

The remainder of this paper is organized as follows. In sectionll, the system model and an optimization
formulation for the problem of beamforming design is explained. In section IlI, two beamforming schemes
are proposed. The simulation results are presented in section V. The paper is summarized in section V.

Notations:|e| ||e] (o)T (o)H rank (e)andTr (e) denote the absolute value, Frobenius norm, transpose,
Hermitian transpose,’ rank’ and determinant, respectively. For a Hermitian matrix A , A (A) is its
maximal eigenvalue. Furthermore, P (o) represents the occurrence probability of an event.

2. System Model and Problem Formulation

Consider a MIMO system. It is assumed that the receiver has N, (: 2" m :1,2,...) antennas and the
transmitter is equipped with N, (2 Nr) antennas. The indices of receiver’s N, receive antenna are used
to carry m bits in principles of SSK. According to the transmitted information, the i-th receive antenna is
selected to carry the information. At the receiver, we intend to decode information from the index of ith
receive antenna and harvest energy from the remaining antennas.

Assume that the channels from transmitter to receiver experience flat Rician fading, with the channel

R T R . . ..
matrix expressed asH:[hl,hz,...,th] , where h,is a N,-dimensional column vector containing the
complex channel gains from transmitter’s N, antennas to receiver’s i-th receive antenna.

We assume linear transmit precoding at the transmitter. Thus at the receiver, the received signal can be
formulated as

y = Hw,x+n 1)

where W, eC™ is the beamforming vector and X is an energy-carrying signal, while N is a complex

Gaussian noise vector distributed with zero mean and a covariance matrix ol N, -expressed as
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n~CJ\/'(0, ol ) for convenience. Since X carries no information, it can be any arbitrary random
signal provided that its power spectral density satisfies certain regulations microwave radiation. In this paper,
we assume that X is chosen from a uniform distribution sequence with xx™ =1.

To decode information from the index of ith antenna and simultaneously harvest energy as much as
possible from the other antennas, the transmit power on the ith antenna which conveys information is forced
to zero. Thus transmitter employs TZF preprocessing to generate beamforming vector w; , which satisfies

hiw, =0 )
Ignoring the noise term of equation (1), the total energy harvested by the receiver is given by
Y =np|Hw, | @3)

In whichny € (0,1] is the energy conversion efficiency and p is the power-split ration at the receiver.

On the other hand, the remaining 1— p portion of the receive power enters the information transfer
path, which is used to decode the transfer information. The signal can be described as

Y, =\/1—_p(HWix+n) 4)

According to the formula (2), we can further decompose (4) as

Yie = 1= p (hpw; +n ) vk # |

()
Yi =+1-pn
Based on (5), we can detect the SSK symbol i easily. The detection algorithm can be described as
~ . 2
=g, min, (=Pl ®

From (6) we can know that the detection complexity is O 2'") Since the value of p does not affect
the SSK symbol dectection based on (6), the correct detection probability can be formulated as

P, =P(|yuf <min|y, ‘)
- P(|ni|2 < ngi_n‘hlwi + nk‘z) (7)
:gP(|ni|z <‘hlwi +nk‘2)

The third equation of (7) holds due to the independence of noise.

The beamforming vector can be designed to maximize the correct detection probability subject to
transmit power constraint P, and formula (2) constraint. The optimization problem can be described as

PO: max P,
st. hiw, =0 (8)
Jusi =

From (7), we can know that it is difficult to derive a simple closed-form expression of the correct
detection probability P, , so the problem (8) is very hard to solve. Therefore two sub-optimal beamforming
schemes are proposed in next section.

3. Beamforming Design Schemes

According to (7), the correct detection probability increases as the power on each receive antenna except
for the $i$-th increases. Based on this, in this section, we put forward two sub-optimal beamforming schemes
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that maximize the correct detection probability. For the first scheme, a closed form optimal solution is given
in sub-section A. In sub-section B, an iterative algorithm is presented to obtain the optimal solution to the
second scheme.

3.1. Maximizing the Sum Energy Harvested by Receiver

In this sub-section, our aim is to maximize the weighted power transferred to all receive antennas subject
to the transmit power constggints and TZF constraint. Denote ¢, = O(Vk) as the given energy weight for
each antenna. Define I’ =Zrypak ‘h-II(-Wi‘ as the objective function. Especially we setc, =1(Vk), and
then the objective function fslquite the total harvested energy. In this way, the optimization problem can be
described as follows.

Pl: max T
st. hiw, =0 (9)
Jwil" =P

Let\/i0 is a unitary matrix formed by the orthogonal basis of the null space of vector hiT. Therefore
beamforming vector w; can be formed as a linear combination of the columns of \/i0 , given by

Wi = \/iori (10)
wherer;isa (N, —1)-dimensional arbitrary vector satisfying r; ||2 =P .
Upon applying (10), (9) can be reformulated with respect tor, as
* 2
I =argmax anHVior. H (11)

Inlf =+ |
When applying the singular value decomposition (SVD) on ( H\/iO )H H\/i0 , We obtain
(HV?) HV? =uzUf (12)

Then we can easily get ri* :H\/Et Ui1 , Where Uil is the eigenvector corresponding to the largest
eigenvalue of the matrix(HViO) H\/i°. So the optimal solution of problem (P1) can be given as
W: = ViO i* = \/Etviou:il'

3.2. Maximizing the Minimum Received Power of Each Antenna

Since we cannot find a beamforming vector that make all ‘hlwi‘ (Vk #1i) largest, accordingly in this
sub-section, we propose a sub-optimal scheme that makes the correct detection probability relatively large.
In this scheme, we aim to maximize the worst received power. Then the optimization problem can be
formulated as

P2 :max min

w; ki
st. hjw, =0 (13)
wil =

2
T
hkwi‘

Applying formula (10), the problem P2 can be reformulated as follows.

P2—1:max min|h, V’r ‘2 (14)

LR

The problem P2-1 is non—convex and difficult to solve directly. Defining R, = ririH , the problem P2-1
can be rewritten as
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P2—-2:min -t

teR,R;
st.  Tr(G,R,)=t,Vk #i

Tr(R)) =P, (15)

R, >0

rank(R;)=1

where G, = (hk\/io)H h,V? and tisan additional slack variable .

However the problem P2-2 is still non-convex due to the rank constraint. Reference [8], a semidefinite
relaxation problem (SDP) can be given as follows.

P2—3:trer;i’g—t+y{g ~ e (RY)

~Tr (ri(K)ri(K)H (Ri - Ri(K))):|

st.  Tr(GR,)xt, vk #i (16)
Tr(Ri): P
R; >0

where £ >0 is a sufficiency large penalty factor and ri(K) is a unit-norm eigenvector corresponding the
maximum eigenvalue of the feasible solution Rf") . Then an algorithm is given to generate iterative

solution RU* for the ultimate solution of P2-2.

Algorithm: Penalty Function Algorithm to Compute Optimal Solution R: of (15)
Initialization stage:

Initial step: Initialize proper 4 and REO) to satisfy the constraints of (15). Setx =0 .
Step Kk : Solve (15) to obtain its optimal solution Rg“l) .

IfTr (REM)) ~ Ao (R(M) ) , rank-one solution is found.

Then reset REO) = Ri“l) . Terminate, and output x , and Rfo).
Else if R =R

Then reset £ = 2 and return to the Initial step.

Else

Reset x=x+1 andR"™ =R for next iteration.

End

Optimization stage:
Set x = 0. Solve (16) to obtain its optimal solution Ri(”l) .
it Tr (R )~ Tr(R("), then

(K'+l) .

Terminate, and output Ri* =R

Else reset & = x +1and R"") = R Continue to the next iteration.

End and output the ultimate solution R}

Applying the iterative algorithm we can obtain the optimal solution RT of (15). Then the optimal solution
admits the singular value decomposition
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R =rr" (17)
Therefore we can get the optimal solution of (13) viaw, = Vr.

4. Simulation Results
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Fig. 1: The rate achieved by proposed schemes.

In this section, the performance of the proposed beamforming schemes for a MIMO system is
demonstrated in terms of achievable rate, BER and the energy harvested by the receiver. The number of
transmit antennas is set N, =32 and the receiver antenna number isN, =4,8,16 respectively. We assume
that the signal attenuation from the transmitter to the receiver is 20 dB corresponding to an equal distance of
1 meter. The channel matrix is generated from Rician fading channel. In the following simulation, we set
Rician factor K =10, noise power arf =-40dBm, the power-split ration o =0.9 , and energy conversion
efficiency 7 = 0.8, respectively.

Fig. 1 compares the information rate achieved by the receiver versus different transmit power constraint.
As expected, when the noise power is constant, with the increase of the transmission power, the receiver
finally reaches the upper bound rate of log, N, , which are 2, 3, 4 bits/s/Hz when the number of the receiver
antennas is 4, 8, 16, respectively. It can be seen clearly that the rates obtained by different schemes are
approximately equal.
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Fig. 2: The BER performance of proposed schemes and PSM scheme.
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Fig.2 compares BER performance. Fig.2 shows the differences between proposed schemes and PSM
scheme that focuses the transmit power only on one receive antenna. Clearly, the BER performance of the
three schemes is approximately the same at small transmit power. While at large transmit power, the BER
performance of the second scheme is better than the first scheme and PSM scheme. This is because that in
the second scheme the beamforming vector is designed to approximately minimize BER, so the second
scheme performs best among three schemes. Then making a comparison between the first scheme and PSM
scheme, we find that scheme one performs worse than PSM scheme when the number of receive antennas is
equal to 4 and 8 respectively. But a better performance can be achieved by the first scheme than PSM
scheme as soon as the number of receive antennas increases to 16.

A comparison between the proposed schemes in terms of the harvested energy is presented in fig.3,
where transmit power is fixed to 30dBm. The figure demonstrates an increase in the sum harvested energy
with increase in the number of receive antennas. It is observed that the first scheme outperforms the second
scheme in terms of the sum harvested energy as expected. What's more, it can be seen clearly that the
harvested energy gaps between two schemes are about Odbm, 0.2035dBm, 0.3738dBm, 0.4563dBm,
respectively. Therefore the gap becomes larger as the number of receive antennas increases.
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Fig. 3: The differences of total harvested energy between proposed schemes.

5. Conclusion

In this letter, we have proposed a novel idea to combine PSM with energy harvesting. Based on this idea,
two beamforming schemes are proposed. The corresponding maximization problems are formulated and
optimally solved. Finally, a closed form solution and an iterative algorithm are given, respectively. The
achievable rate, error performance and harvested energy have been studied. Our studies show that both
schemes can obtain a certain amount of energy without marked achievable rate differences. Meanwhile the
second scheme outperforms the first scheme and PSM scheme in terms of BER performance.
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