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Abstract: The objective of a wireless research is to conceive a full duplex operation by aiding concurrency in both transmission
and reception in a single time/frequency channel and thus enhancing the spectral efficiency than the conventional half duplex
systems. Investigation is performed on the performance of a full-duplex (FD) relaying network with a single-RF Spatial
Modulation (SM) Multiple-Input Multiple-Output (MIMO) system. The SM MIMO is employed at the relay node. This protocol
is referred to as SM-aided FD relaying (SM-FDR). The demodulator at the destination takes advantage of the direct connectivity
between the source and destination which in-turn maximizes the performance. The mathematical expressions for computing the
achievable rate of SM-FDR in the presence of residual Self-Interference (SI) has been studied based on the demodulator. With
the guide of these achievable rate articulations, a gauge on the nature of SI cancelation required for the appropriateness of FD
transmission has been given. The scientific investigation is substantiated with the guide of MATLAB. At last, we likewise survey
the execution of SM-FDR against conventional FD transferring conventions.

Keywords: Relaying, Full-duplex, Spatial modulation, MIMO, Achievable Rate Analysis.

L. INTRODUCTION
FD transmission allows the relays to transmit and receive simultaneously on the same channel, and thereby doubling the spectral
efficiency effectively. However, the success of FD operation is dependent on its capability to suppress the Self-Interference (SI),
i.e., the interference introduced from the relay’s transmitter to its receiver. In [1], The most popular relaying protocols available are
amplify-and-forward (AF) and decode-and-forward (DF) relaying . In spite of their many advantages, one of the fundamental
challenges of these relaying protocols is their requirement for extra bandwidth resources due to the half-duplex (HD) constraint of
the relay, i.e., the relay cannot transmit and receive on the same frequency at the same time. This might result in a loss of system
throughput.
In [2], The SI cancellation methods can be broadly classified into two categories: i) passive cancellation, which is realized by
imposing path-loss between transmit and receive antennas of the relay; and ii) active cancellation, which includes analog
cancellation techniques, digital cancellation techniques, or a combination of both. In [3], Rodrguez et.al studied the error rate
performance of AF-based full duplex relaying in the presence of residual Sl. In [4], Michalopoulos et al studied the error rate
performance of DF-based full duplex relaying in the presence of residual Sl. In [5], Krikidis et.al applied efficient cooperative
protocols in an attempt to extract the full benefits of FD relaying. In [6], Krikidis and Suraweera proposed a distributed FD
Alamouti scheme that provides significant diversity gains as the strength of the SI decreases. The hybrid relaying schemes that
switch opportunistically between FD and HD relaying modes based on a pre-defined criterion was proposed and also transmit power
adaptation for maximizing the spectral efficiency was applied in [7]. In [8], several relay selection policies in order to improve the
outage probability of FD relaying were investigated. In [9], a distributed SM protocol, which increases the aggregate network
throughput by allowing the relays to forward the data of the source while transmitting their own data, has been proposed. In [10], a
cooperative space time shift keying protocol has been proposed, where the relay nodes re-encode the received data from the source
onto a dispersion vector and onto a modulated symbol.
In [11], an SM-aided detect-and-forward relaying protocol has been proposed. The protocol has been shown to improve the link
reliability by identifying the appropriate number of bits to be remodulated at the relays. In [12], a novel SI cancellation scheme for
FD SM by taking advantage of the reciprocity of the direction of Sl signal flow has been designed. SM for FD point-to-point
transmission has been considered in [13] and [14]. FD SM in the context of relaying systems has been considered in [15]-[18]. In
[15]-[17], an FD two-way relaying scheme with SM is considered, where two sources communicates with each other using a multi-
antenna relay node. In particular, in [15] and [16], the relay node operates in HD mode, and hence the system is free from the effects
of Sl. In [15] and [17], both the sources are multi-antenna nodes, and the demodulator is built on the assumption that no direct is
available between them. Also, the SI channel in [17] is characterized as Rayleigh fading. In [18], an FD
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Fig.1 System model of SM-FDR protocol

Relaying system is considered, where the multi-antenna source uses transmit beam forming to forward its data to the relay, and the
relay uses SM to forward the data to the destination. However, the effects of Sl and the direct link have not been taken into
consideration.

1. SYSTEM MODEL

A relaying dual-hop, three-node network topology is considered as shown in Fig.1. Here an Half duplex capable source, S,
communicates with its intended HD destination, D, with the aid of an FD relay node, R. The assumption is that the source and the
destination are provided with one antenna each, whereas the relay is equipped with Ng antennas. Since there are more no. of
antennas in a single relaying node with FD capability there is always an associated Self Interference (SI), which has to be
suppressed with the aid of some Sl cancellation technique. However, due to practical constraints the SI cancellation to the fullest
extends becomes a hard task. Therefore, it is mandatory to take into consideration the quality of the cancellation technique, and has
to be accounted in any work. A direct link is also considered to exist in the model between the source and the destination. The
demodulator at the destination utilizes this direct link to minimize the error-probability and to enhance the achievable rate.

In the SM-FDR, the source broadcasts its data symbol without and spatial modulation to the relay and the destination. The relay

demodulates the data and then forwards it to the destination by using Spatial Modulation with the help of Multiple antennas.

Meanwhile the source broadcasts a new symbol to the relay and the destination. The SM encoding process uses only one of the RF

chains and hence the power consumption at the relay is considerably reduced which is an added advantage in the SM

implementation. More specifically, in Sm only one of the N antennas is chosen for activation and the estimated data of the source
at the relay is transmitted. During this activation instance, the remaining Ng -1 antennas at the relay are available for reception of the
next symbol from the source. The SM implementation at the relay requires two main considerations,

1) Unlike customary point-to-point SM, the dormant antenna(s) at the hand-off in SM-FDR are not turned off. Rather they are
exchanged on in the get mode. Since the images transmitted from the source are equiprobable, the dynamic/idle antenna(s) in
the present schedule vacancy and in whenever opening might be unique.

2) For high information rate transmission, the RF receiving wire exchanging at the transfer to empower the concurrent
transmission and the gathering of information ought to be in concurrence with image time exchanging component that is
specific to SM. Luckily, fast RF switches that fill this need with low inclusion misfortune and great detachment properties have
been accounted for.

1. CHANNEL MODEL
The channel considered is assumed to be of Quasi-static fading. That is the wireless fading channels is assumed to remain static over
one cooperative phase, i.e., two time-slots. The channel fading changes independently from one cooperative phase to another. The
SI channel from the p™ transmit antenna of the relay to its r'" receive antenna, for r, p € {1,2,.....,Ng}, with p # r is denoted as NRprr
where Ngorr = |gprr |€xp(j@RPRT) With |hg,p, | being the fading envelope and ¢RpRr being the channel phase. If Ng =2, the SI
fading envelopes are assumed to be independent and follow Rician distribution. The mean pig,, and the variance (per dimension)
Oprr OF the SI channels are formulated as follows:

_ /KRpRrﬂR _ 0p
Urprr = 1+KppRr Ul%pRr - TRpRr (1)
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where: Kp,g, is the Rice factor; Qg = (1/2)(Ex/N,)~* with Ej, being the relay’s average transmit energy per symbol, and A being
a small positive constant which captures the quality of Sl cancellation.

For instance, if A = 0 implies a poor SI cancellation process, and A = 1 refers to a high-quality SI cancellation process. This
modeling of SI channels as Rician are from [19]. The value Nr > 2 depicts that the Sl fading envelopes are assumed to be Rayleigh
distributed, i.e., the mean iz, = 0, and their channel phases are assumed to be uniformly distributed in the interval [0,2r].

The term “useful channels” are coined to the source-to-relay, source-to-destination and the relay-to-destination channels. The
channel coefficients are denoted as hgg, , hsp and hgyp. For the purpose of mathematical simplicity, these fading channels are

assumed to be independent and follow a Rayleigh distribution with zero mean and a variance of o, 0&, and Ohpp » respectively.

A. Relaying Protocol
In a t time-slot, the source broadcasts its data to the relay and the destination. The signal is received at the antennas which are
inactive at the relay during the t" slot. Let A andA, are either Phase Shift Keying (PSK) or Quadrature Amplitude Modulation
(QAM) constellations, whose symbols have a power constraint of unity. The model is given for a M-ary complex modulated symbol
transmitted by the source during the t-th time-slot x¢(t) € As( and the N-ary complex modulated symbol transmitted from the active
antenna of the relay xz(t) € Ag. The received signal is given as follows:
{ Vser(t) = \/E—ShSRTxS(t) + \/E—RthRer (1) + ng,(t) @)
yp(t) = \/E—shsuxs(t) + \/E—RthDxR (t) + np (1)
where, p is the index of the active antenna at relay during the t-th time-slot; E5 and Ej are the sources and relay’s average transmit
energy per symbol, respectively. ny (t) is the complex Additive White Gaussian Noise (AWGN) at the input of node X during the t"
time-slot. The AWGN is independent and identically distributed (i.i.d) with zero mean and variance N,/2 per dimension. Att =0,
i.e., during the very first instance of transmission x(0) = 0 and none of the antennas at the relay are in the active mode. Hence all
the Ngr antennas are available for reception of data. This is in contrast to the rest of the time-slots where only Ng-1 antennas are
available. Therefore, at t =0, (2) can be rewritten as follows (r = 1,2,.....,Ng):

{ ySRr(O) = \/E—ShSRrxS(O) + nRr(O) (3)
yp(0) = \/E_shsuxs(o) +np(0)
The destination keeps the received signal y,, (t) in (2) for further processing during the (t + 1) time-slot. The relay, on the other

hand, demodulates the received signal using the Maximum-Likelihood (ML) criterion [20]. Accordingly, the demodulator at the
relay can be formulated as follows:

2P(t) = ~<D><t>eﬂ5 A EP (1), £8P (¢ + 1)}

P (t+1)eAs
2
AOGEP (), 7(t + 1) = |y (6) — (VEshsp T (0) + Eghappx (1) )| ©)

+ o+ 1) = (VEshspZ(e + 1) + Erhyp 3¢ + 1)|
—VEshse 27 (1)

2
} (4)
B(R)(t) — B(;’C‘(R)(t))
where: x(R)(t) and b(R)(t) are the estimated symbol and the estimated bits at the relay during the " time-slot. quR)(t) S (t) is the

trial symbol used in the hypothesis detection problem and 3(.) is the symbol-to-bits mapping function at the source. This mapping
function facilitates the SM encoding at the relay. During the (t+1)™ time-slot, the destination can be formulated as follows:

ySRr' (t + 1) = \/E—ShSRr'xS(t + 1) + ERth'Rr'xR (t + 1)
+nRr' (t + 1) (5)

yp(t+1) = \/E—shsuxs(t +1) +/Eghgypxp(t+ 1) + np(t + 1)
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The active antenna index p’ and the transmitted symbol x;(t + 1) of the relay during the (t + 1) time-slot are determined by its
estimated bits quR)(t) during the time-slot t.

B. Demodulation At The Destination

The destination receives two copies of each source’s data symbol are received. One from the source directly during time slot t and
another from relay at the time slot (t+1). The destination makes use of both of these copies for potential diversity or achievable rate
benefits. By applying the ML criterion, the destination, during the (t + 1) time-slot, demodulates the source’s data transmitted by it
during the t time-slot. Accordingly, the demodulator can be formulated as in (6)

where (7 () = 52 (1 (¢ = 1) ) and (7. 57+ 1) = 53¢ (8 (57 )
The source’s data transmitted during the (t+1) time slot, i.e., x,(t + 1), is not estimated during the (t+1), although we are searching

for it over all the constellation using the trial symbol a?qu)(t). Actually, the estimation of x_s (t+1) is performed at the goal amid the
vacancy at t+2. The ML demodulator isn't strong to conceivable demodulation blunders at the transfer. Such a demodulator, in any
case, is restrictively intricate for higher-arrange regulation, and requires the learning of source-to-hand-off CSI at the receiver.

C. Instantaneous Achievable Rate Analysis

In SM-FDR, the relay first demodulates the source’s data before forwarding it to the destination using SM (it is a decode-and-
forward scheme), the achievable rate of SM-FDR can be formulated as follows:

Csm—rprR = fg(lfiz) min{l(X;Y,/X;), 1(X, , X5, Y3)} (7

where X; is the source message, X, is the relay message, Y, is the received symbol at the relay, and Y3 is the received symbol at the
destination. The value of this expression depends on the degree of correlation between the source message X; and the relay message
X,. Assuming independence of X; and X2, this reduces to:

. { (SR SRD
Csm-FpR = mln{C_SSM—)FDR ' C.SSM—P?DR} ®)
c BB

where Cgy,~rpr = 1(X1; Y3) is the achievable rate of the links from source to relay (The source is

assumed to transmit i.i.d.

Gaussian-distributed symbols), and the effects of the Sl is modeled as an additive white Gaussian noise. The parameter Y, is a
vector of length Ng -1. Using Shannon’s theorem, the achievable instantaneous achievable rate of the source to relay links can be
obtained as follows

Conrpr = l0g (1 + YR Pr{p = Active} x Y 8 (/g nsrrl? )
SM—-FDR 2 p=1 ;;ZIJ (ER/N0)|thRr|2+1

()
where Pr {p = Active} = 1/Ng represents the probability that p™ antenna is active at the relay.
Cé,iRg,)DR = (X1, Xz; Y3) is the mutual information between the simultaneous transmissions from source and relay and the destination

received symbol. This mutual information is evaluated from [23] assuming that the relay also transmits i.i.d. Gaussian-distributed
symbols, the first term is given by:
(M). (CH) _ 1 ¢N E 2 E
106, X ¥ 1X0 = 308, log, (1+ 22 g+ 2 Ihso?)
(10)
The second term is given by:
. — SM
1(X5%:Y3) = log, (xS0, (hep)) (11)
The equation (11) Represents the achievable rate taking into the spatial constellation diagram in an SM transmission, with the

channel coefficient hgp emphasizing that Xs(iﬁ?az is a function of relay-to-destination channels. The capacity can be given by,

(SRD) _ 1 ©N ER 2 Es (M)
Csm—-Fpr = Ezp; log, (1 + No |thD| + Mo |hsp |2) + log, (Xspatial(hRD)) (12)
The achievable rate considers only the case where the relay always decodes and forwards its received data. The consideration is

because of the interest in capturing the gains in achievable rate which are specifically due to the existence of full-duplex SM
relaying. In general, obtaining the value of Xs(iﬁ?az is relatively harder due to the operating principle of SM. Hence the achievable

rate expression of (12) is a general case. Finally, by combining (9) and (12) in (8), the achievable instantaneous achievable rate of
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SM-FDR can be computed. The ergodic achievable rate of SM-FDR can be obtained by taking the expectation with respect to
channel fading in (8). For the sake of comparison, the achievable rate of the SM-HDR protocol is also given below. In SM-HDR,
the transmission protocol consists of two non-overlapping timeslots. During the first time-slot, the source broadcasts its data to the
destination and the relay, where all the Nr antennas are in the receive mode. During the next time-slot, the relay applies SM to
forward the data it received during the previous time-slot. It is worth emphasizing that, in SM-HDR, owing to its HD operation,
there is no Sl distorting the reception at the relay.

Accordingly, the instantaneous achievable rate of SM-HDR can be formulated as follows:

1 . SR SRD
Csm-npr =5 min {C_SSM—)HDR’ CssM—H)DR} (13)
Where C52,0r = 1005(1 + S3F (Es/No) lhspr|2), and Clarinyr = Clotnpr and is given by (12). The comparisons are done

between FD and HD scenarios which are discussed in the next section.

(AVA SIMULATION RESULTS

In this section, numerical results for the average bit error rate and achievable rate of SM-FDR and SM-HDR are shown.
o SVBERd Dredt, AFandDF

0 2 4 6 8 10 2 U
IRB

Fig .2 Average bit error rate of direct, AF, DF Spatial modulated relay

Fig.2 shows average bit error rate of direct, AF, DF Spatial modulated relay. The result shows that spatial modulated decode and
forward protocol performs better when compared to amplify and forward and direct transmission between the source and the relay in
terms of average bit error rate. At low SNR the average bit error rate is also low for DF spatial modulated relay. Fig.3 shows the bit
error rate of SM-HDR using DF protocol. Fig. 4 shows the bit error rate of SM-FDR using DF protocol. By comparing Fig. 3 and
Fig. 4, the result clearly shows that spatial modulated full duplex relay using decode and forward protocol produces low bit error
rate at low SNR values than spatial modulated half duplex relay using decode and forward protocol.

Fig.5 shows the achievable rate of the DF based SM-FDR. The result clearly shows that achievable rate increases with increasing A.
Fig.6 shows the achievable rate of the DF based SM-HDR. In general, the results show that SM-HDR achieves a higher achievable
rate compared to SM-FDR for smaller values of A. More specifically, in the high-SNR regime, SM-HDR is better than SM-FDR for
A <0.5if Ng =2, and for A < 0.3 if Ng = 4. These trends confirm the need of the analytical development, where mathematical
expressions for computing the range of A for which SM-FDR is suitable over SM-HDR has been provided.

o SMBERd HCR
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Fig .3 Bit error rate of SM-HDR
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V. CONCLUSION

The application of the SM technique is applied for a full duplex relaying channel in the cooperative communication scenario for the
betterment of the data rate and other spatial coverage problems. The performance of SM-FDR, a relaying protocol in the FD
transmission using single-RF SM has been analyzed. The capacity analysis of the SM-FDR in the presence of SI channels has been
considered and the performance is evaluated. The analysis has depends not only on the SNR of the operating regime but also varies
with respect to the fading parameters, the number of antennas available at the relay and the quality of SI cancellation. The spatial
modulated full duplex relay using decode and forward protocol produces low bit error rate at low SNR values than spatial
modulated half duplex relay using decode and forward protocol. The achievable rate of SM-FDR has an improved performance than
the SM-HDR. The performance is also evaluated for different lambda values. The error rate of SM-FDR is considerably better that
the SM-HDR.
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