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Abstract—1In this letter, we consider a multiple-input
multiple-output (MIMQO) source-relay-destination network,
where the relay is a full-duplex MIMO transceiver (FD-MIMO)
and uses spatial modulation (SM). We propose a transmission
protocol for this system, where the source beamforms to the
relay antennas that are not used for transmission, while the
remaining antennas in the relay forward the previously decoded
information using SM to the destination. We derive the analytical
expressions for the bit error rate of the FD-MIMO relaying
system. We show from the analytical results and simulations
that our proposed FD-MIMO system outperforms the one that
uses V-BLAST at relay. This performance advantage is due
to the availability of more antennas at the relay dedicated to
reception and the use of a lower order quadratic-amplitude
modulation in SM, when compared with V-BLAST.

Index Terms— Spatial modulation, full duplex, relay, MIMO,
beamforming, V-BLAST.

I. INTRODUCTION

ULL-DUPLEX (FD) is a promising new technique for
wireless communications that may potentially double the
spectral efficiency, when compared to half-duplex systems, by
transmitting and receiving in the same time-frequency chan-
nel [1]. The FD technique has attracted a lot of research inter-
est, and its recent developments can be found in [1] and [2].
To realise FD communication, the system has to completely
cancel the high self-interference that results from its own
transmission to the co-located receiver. A few approaches have
been proposed to reduce self-interference by using different
cancellation techniques, including passive, active analog and
digital cancellation techniques. Several practical full-duplex
systems were proposed that limit self-interference to a very
minimum level and almost double the throughput when com-
pared to half-duplex systems [2].

Wireless relay networks have been recognized as a
promising technique to improve network coverage and
reduce shadowing effect thereby increasing the network
throughput [3]. Exploiting the full-duplex technique in
wireless relaying network can significantly improve the
network spectral efficiency, see e.g. [4].

Multiple-input multiple-output (MIMO) can be employed
to further enhance throughput and reliability. Spatial
modulation (SM) is a MIMO technique, which enables to
reduce the number of RF chains in the transmitter. In the
literature, it has been shown that SM can achieve better
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Fig. 1. The FD-MIMO relaying system.

performance than MIMO V-BLAST for a given spectral
efficiency, since it uses a lower order modulation and
experiences less spatial interference [5].

In this letter, we propose a transmission protocol for a
MIMO source-relay-destination network, where the relay is
FD and the source uses beamforming. The FD relay uses
the decode-and-forward protocol and transmits using SM.
We derive an approximate analytical expression of bit error
rate (BER) for the proposed system and show that this
approximated analytical value is very close to the simulated
value. We then show with analysis and simulation that the FD
system with source beamforming and SM at the relay, can
outperform the same system with V-BLAST at the relay.

Finally, we note that there are some practical implemen-
tation issues of SM technique due to speed constraints of
currently existing antenna switching technologies [9], which
may limit the effective transmission rate and effective capacity.
In our paper, we do not consider such technological limita-
tions, which can be investigated in future work.

II. SYSTEM MODEL

Consider a MIMO source-relay-destination network, where
the relay is full duplex MIMO transceiver (FD-MIMO) and
uses SM, as illustrated in Fig. 1. In the rest of the paper, we
call this system as the FD-MIMO relaying system. We use
link 1 and link 2 to denote relay-source and destination-relay
channels, respectively. We assume that source and destination
are far apart such that destination can’t receive the signal from
the source.

In Fig. 1, the relay has p, antennas, while the source and
destination have mg and n,4 antennas, respectively. Moreover,
the relay uses the decode-and-forward protocol and the spatial
modulation (SM) technique for the transmission. In SM, only
1 antenna out of p, will be selected at a time for transmission
and the selected antenna transmits a symbol from modulation
alphabet A,. The SM signal set at the relay is given by

‘SMpraAr
= {s eCPrxl:sie A, wheni=j;5;=0 otherwise}.

The index j denotes the active antenna at the relay. It can take
any value from 1 to p, depending on the information bits. The
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spectral efficiency of SM is |log, [A,|| + [log, p-] bits per
channel use (bpcu). The relay can use (p, — 1) antennas for
reception, since in the SM transmitted signals, p, — 1 symbols
are zero. Hence, in our system, the relay has 1 transmit RF
chain and p, — 1 receive RF chains. Let m, = p, and
n, = (pr — 1) denote the number of transmit and receive
antennas at the relay, respectively. We assume that the source
has my transmit antennas and uses a modulation alphabet Aj.
Therefore, spectral efficiency at the source is |log, |As|] bpcu,
which should be equal to spectral efficiency of SM at relay
[log, |A/|] + [log, pr] bpcu. We let Trg € CPr>*™s be the
channel between the source and p, antennas at the relay.
We assume that Trg is known at the source.

We assume that transmission occurs in frames and each
frame consists of N channel uses. We assume that the channel
is slowly varying frequency-flat fading channel and is constant
throughout the frame. Let H” e C" s and Hg;) € Craxmr
represent the channel matrices between the relay-source and
destlnatlon relay at slot n, respectively. The entries of Hgs)
and H' ar ") are i.i.d. Gaussian with zero mean and unit variance.

Let uﬁ?) and vSS) be the left and right singular vectors of
the channel matrlx Hﬁs) corresponding to largest singular
value (LSV) 4 ” , which are useful for detection at relay and
beamforming at source. Let w, € C"*! denote the residual
self interference at relay after passive suppression, analog and
digital cancellations. In this letter, we assume the entries of w,
are i.i.d. with each entry ~ c\((0, 02)) [6].

ITI. THE PROPOSED PROTOCOL

We propose below a transmission protocol for the above
FD-MIMO relaying system, where the FD relay uses the
decode-and-forward protocol and SM for transmission.

1) In the first time slot, the source transmits the signal x§1) IS
C™s*1 while the relay does not have any information for
transmission to destination. The relay uses the firstn, = (p,—1)
antennas for reception. Since Tgg is available at the source,
the source extracts the channel matrix Hg) from Trs by
discarding the last row. Then the source beamforms the symbol

(1) € Ay to first (p,—1) antennas at relay using right singular
vector vS? corresponding to the LSV of HSQ, since this LSV
based beamforming technique provides the full diversity and is
efficient for low spectral efficiency applications [11, Ch. 10].
Therefore source transmits x(l) Vg)xs(l) during slot 1.

In time slot 1, the received signal at relay is given by

) = KD nlh,

Crrxins | ngl) e €1 g the noise
N0, 57).

The received signal at relay is multiplied by (ug))H to
achieve the full diversity and the resulting received signal is
ﬁr(l) = (ug))Hygl). This signal is demodulated at relay to
obtain transmitted bits from source.

2) In the second time slot, the relay converts the decoded
bits from the first time slot 1 to a SM symbol and transmits
xV e sm . A, to the destination. Let stV is the QAM symbol
transmitted on the active antenna. Since the source is aware
of the information bits the relay is transmitting as well as

where y(l) crrxl Hﬁl) €
vector at the relay with each entry ~
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the active antenna used by relay for transmission, the source
forms the channel Hg) from T() by eliminating the row
corresponding to the active antenna Therefore, if the relay
decodes correctly the previously transmitted symbol from the
source, then ﬁﬁ? = Hg); otherwise, there is a possibility of
error propagation due to the mismatch of the channel and Hg) ,
Hﬁ) have only one column difference. Hence, in time slot 2,
the source transmits the signal x() = A(z) 5(2), where V()
is the right singular vector of Hﬁs) correspondlng to the LSV.

The received signal at relay in time slot 2 is

3 = O 1wl 4

H
This signal is multiplied by (ug)) and demodulated to
obtain the transmitted bits from the source. At the same time
slot 2, the received signal at the destination is
y( HL(12r) 51) + n(2)
where y((12) € Cnaxl Hfizr) € Clraxmr and n((12) € Crax1 ig the
noise vector at the destination with i.i.d entries and each entry
~ CN(0, 03). The destination performs ML detection
)26(12) = argmin ||y(2)
XESM p, Ay

H x|, (1)

to decode the received SM symbol. Then the destination
demodulates )A(((;) to obtain the information bits transmitted
from source in time slot 1.

3) Similarly, in time slot 7, the received signal at relay is

y(n) — H(’sl)xgn) + Wrsr("fl) + nﬁ”), )

where x") = V(n)x(n)

is the transmitted signal from the source,
(”) e Cm x1 H(")
}’ s rs

Crrxms - and nﬁ”) € C*1 The received
signal at the destination is

vy = H{x0 40!, 3

where y ) e Craxl, H(") € Craxmr and n ) e craxt,
4) In the last time slot N of the frame the source does
. . (N—1)
not transmit any signal. The relay transmits x;, and the
destination receives y(N) Hgy) ng Dy n(N) and performs

ML decoding to obtain x(N b,

IV. BER ANALYSIS

In this section, we analyze the bit error rate (BER) perfor-
mance of link 1 and link 2 in FD-MIMO relaying system with
the protocol proposed in Section III.

A. Link 1 BER Analysis

In the link 1 (relay-source), there are two different possible
cases of detection at relay.

Case 1: In this case we assume that relay decodes previous
symbol such that the decoded and original symbols have same
first log, p, bits, i.e., Hgs) H(") In this case the resulting
received signal at relay can be written as

— @)Y THOYO 0 4 @) (3, s0=D | g,
=Wy S(")+w,s,<" Dy am, “4)



RAVITEJA et al.: SM IN FD RELAYING

where @, ~ CA(0,02) and A" ~ CN(0,072). For the
system with a recelved s1gna1 equatlon y = Ax + n, where
n~ CN(0,02) and 1 is the largest singular value of channel
H whose (i, j)th entry is H; ; ~ A0, 1), the pair-wise
error probability (PEP) P(f, ) is given in [7, eq. (29)] where
gPs/o? equals to Bei/4=Ix— %|2/462. Therefore the PEP
of the system in (4) can be written as

~ 1 ~
R(prz) = m5§ P(fy 5(sr)), (5)

where B, :(s;) = |x — %2/(c? + 02 |s;|*). From the above,
the bit error rate (BER) in this case can be written as

Z > R(ﬁ”) de (6)

xeA xeAs\{x}

where 7 is the spectral efficiency of the link in bpcu and d ; is
the Hamming distance of the bit labels of x and x. Similarly
the probability that at least one of the first log, p, bits are
decoded wrongly is

<% Z > RBeaex, 5, (7

xeh; xelg\{x}

where g(x,x) = 1, if x and X have the first log,p, bits
differently, O otherwise. We refer to (7) as partial codeword
error rate (PCER).

Case 2: In this case we assume that there is an error in the
detection of previous symbol at relay. And this error is such
that the original symbol and the decoded symbol differ in at
least one bit of first log, p, bits, i.e., H ;é H/SZ) In this case
the resulting received signal at relay is

A H A H _
50 = @I B 1 @) w0 ),
H., (e N
= A 1 s A,
= 2y x™ 4, gD {0 8
where y = " ffﬁ';), b, ~ N(0,02), and TN
CN(0, o; 2). Snmlar to case 1, the BER of this system is

Z > E,)[R(B; Dk A ©)

xEA TeAg\{x}

where ﬁii = (y*|x — )Elz)/(o',2 + a,%rlsrlz). And the prob-
ability that at least one of the first log, p, bits are decoded
wrongly is

=n> Y

xeh; xehg\{x}

E, [R(B; )lg(x,%). (10
BER Expression From the Above Cases: From the above
cases BER in different slots can be calculated as follows:

o Slot 1: In slot 1, there is no self interference at relay and
always case 1 occurs, so BER is P — B11a,=0 and the
PCER is Q1 = 5114, .

e Slot 2: In slot 2, case 2 occurs with Q) probability
and case 1 occurs with 1 — Q. So BER in slot 2 is
P® = 31— 0M)+ 30" and PCER is 0@ =
Si(1=0M) + 500,
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Fig. 2. The BER comparison of the FD-MIMO relaying system with SM
at relay (mg = 2, ng =2, my =4, n, = 3) and source beamforming with
V-BLAST, MMSE, SVD with X-code precoders at source, at 4 bpcu.

Uncoded BER

o Slot n: Similarly in slot n, CER and PCER are
PW =3 (1-0" )+ 500",
0" = s51(1- 0" M) +50"".
Therefore the average BER in link 1 is

n=N

% > P,

n=1

BER| = Y

B. Link 2 BER Analysis

In the proposed protocol, link 2 (destination-relay) is using
SM scheme for transmission. The BER expression for the SM
system is presented in [5] as

1 ~ dx,)?
BER; < Z ~ Z PEP(x — X) o (12)
XESM p, A, XESM p, p, \{X}
where PEP(x — %) = f(a)" XN (VA - fa)),

fla) = 2(1—\/7) Ok, Ok =|Xk—?~(k|2 for

Tta )» 4 = 40_22k:1
all k£ and 7 is the spectral efficiency of the link in bpcu.

V. SIMULATION RESULTS

In this section, we present the analytical and simulation
results of the proposed protocol in terms of BER. We compare
the BERs of the proposed FD MIMO relay system using LSV
based beamforming, with the system where the source uses
either MMSE precoder [8], or V-BLAST [11] or SVD with
X-code [10], and the relay uses V-BLAST. In all simulations,
we assume the source and the destination have two antennas
each (my = ng = 2), and the relay has p, = 4 antennas.
We assume that each frame consists of N = 130 channel
uses. For analytical results of link 1, we estimate B, and 5 by
Monte-Carlo simulations using 10* different realizations of y .

In Fig. 2, we compare the BER in link 1 of the proposed
LSV beamforming relaying system, with the system where
source uses V-BLAST, MMSE (unweighted) precoder, or
SVD with X-codes, for a fixed interference-to-noise ratio
INR = auz)r Jo? of 4 dB. All the schemes use SM at the
relay (m, = 4, n, = 3), and the spectral efficiency is
fixed to be 4 bpcu. To achieve the same spectral efficiency
of 4 bpcu in all schemes, the source needs to transmit
16-QAM for source beamforming and two 4-QAM symbols
for V-BLAST, MMSE, and SVD with X-code respectively.



2114

e

2§ —©—SM, Link 1, Sim.
—8—8M, Link 2, Sim.
—-%-SM, Link 1, Ana.
—+-SM, Link 2, Ana.
©—MIMO (Config. 1), Link 1, Sim.
s | “=—MIMO (Config. 1), Link 2, Sim.
—©—MIMO (Config. 2), Link 1, Sim.
—8-MIMO (Config. 2), Link 2, Sim.
6 8 10 12 14 16 18 20 22 24

Average SNR in d

Fig. 3. The BER comparison of the FD-MIMO relaying system with SM at
relay with MIMO Config. 1 and MIMO Config. 2 systems in terms of SNR.
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From Fig. 2, we observe that, the derived analytical results
are very close to the simulation and using beamforming at
the source significantly improves the BER in link 1 compared
to V-BLAST and MMSE, and this performance improvement
increases at high SNR. This is due to the fact that the source
beamforms to p, — 1 antennas at the relay, which provides full
transmit and receive diversity. At high SNR, the performance
of LSV beamforming approaches that of X-code. However,
the X-code has higher decoding complexity (ML detection)
than LSV beamforming (linear decoder).

Fig. 3 compares the BER performance of i) the FD-MIMO
relaying system, where the relay uses SM with m, = 4,
n, =3 and A, = 4-QAM, ii) the FD-MIMO relaying system,
where the relay uses V-BLAST with m, = 2,n, = 2 and
A, = 4-QAM (MIMO Config. 1), and iii) the FD-MIMO
relaying system, where the relay uses V-BLAST with m, =1,
n, =3 and A, = 16-QAM at relay (MIMO Config. 2) for a
fixed INR of 4dB with source beamforming. Note that, in all
the systems, the total number of RF chains at relay is 4 and
the spectral efficiency is 4 bpcu.

In Fig. 3, we show the individual BER performances of
link 1 and link 2. From Fig. 3, we see that the BER of the pro-
posed system is better than that of MIMO Config. 1 in link 1
(3 to 4 dB gain at 10~* BER); but their BERs eventually
become the same in link 2. This is because, in link 1, the relay
using SM has one extra receive antenna, when compared to
MIMO Config. 1 (only two antennas for reception). We also
observe that the BER of the proposed system in link 2 is better
than MIMO Config. 2 (3 to 4 dB gain at 1073 BER), since
MIMO Config. 2 uses a higher order QAM (16-QAM) than
the proposed system using 4-QAM. In link 1, the performance
of SM and MIMO Config. 2 are almost the same (small gap)
as both are using 3 antennas for reception. This small gap
is due to the interference signal effect at the relay. Hence,
our proposed system using SM at the relay has better overall
BER (approximately equal to sum of BER’s in both links) than
MIMO Configs. 1 and 2.

Fig. 4 compares the BER of the above three systems in
link 1 in terms of INR at the relay as the INR effects only
link 1. We assume that link 1 is operating at a SNR of
20 dB and the spectral efficiency of 4 bpcu. We observe
that, in medium to low INRs (corresponding to the less
interference cases), the proposed system outperforms MIMO
Configs. 1 and 2. At higher interference cases, all the three
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Fig. 4. The BER comparison of the FD-MIMO relaying system with SM at
relay with MIMO Config. 1 and MIMO Config. 2 systems in terms of INR.
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systems do not exhibit good performance because of SINR
degradation at the relay.

VI. CONCLUSION

We studied the MIMO source-relay-destination network,
where the relay is full duplex and uses spatial modulation
for transmission. In particular, we proposed a transmission
protocol for the MIMO network that effectively uses silent
antennas at the relay for reception of the signals beamformed
from the source, while the remaining antennas in the relay
forward the previously decoded information using SM to the
destination. We analysed the performance of the proposed
system in both links in terms of BER. We then compared the
error performance of the FD-MIMO relaying system, where
the relay uses SM and V-BLAST, respectively for the same
number of RF chains at the relay, and found the former
performs better than the latter. This performance advantage is
due to the availability of more antennas at the relay dedicated
to reception and due to the use of lower order QAM in SM.
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