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Abstract. Integration of full-duplex (FD) technology with cooperative
device-to-device (CD2D) communications system has recently emerged
as a potential candidate for the fifth-generation (5G) and beyond tech-
nologies to improve the spectral efficiency of a cellular system. This paper
investigates the outage performance of a multicarrier FD CD2D commu-
nications system wherein, the D2D link source node (S) serves as an FD
relay for uplink cellular transmission. The self-interference (SI) occurring
at S is suppressed using analog cancellation schemes, and the residual SI
(RSI) is further suppressed using digital domain (DD) RSI cancellation
techniques. A probabilistic mathematical model is established for the per-
formance evaluation of the proposed system. The closed-form expressions
for D2D and cellular outage probability are derived. Simulation results
show that the proposed FD CD2D communications system, along with
minimum mean square error-based DD RSI cancellation, gives the opti-
mum performance compared to the least square-based RSI cancellation
scheme.

Keywords: Cooperative D2D communications system - Full-duplex -
OFDMA - Outage probability

1 Introduction

With the emergent growth in wireless devices and multimedia applications,
there is an urgent need to upgrade the current wireless infrastructure to achieve
ultra-high data rates requirements within the limited spectrum resource. Adopt-
ing multiple prominent technologies, namely device-to-device (D2D) commu-
nications, cooperative relaying, and full-duplex (FD) radio, enables the fifth-
generation (5G) cellular networks to match the growing capacity requirement
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for immensely dense indoor surroundings. D2D communication has evolved as
one of the vital technologies for 5G and beyond cellular networks [1,2] to enhance
data rates, spectral efficiency and reduce latency for short-range communication.
D2D communications allow direct data transfer between two or more users in
proximity without traversing the data through the base station (BS).

D2D communication adopts either one of the three predefined frameworks in
a wireless system: overlay, underlay, or cooperative D2D (CD2D). As seen in [3],
the CD2D framework achieves less outage probability (OP) in comparison to the
other two frameworks. In the CD2D framework, single or multiple user equip-
ment (UE) operates as a cooperative relay for cellular uplink /downlink (UL/DL)
transmissions [4]. An FD node transceives the signals concurrently at the same
time-frequency resource block (TFRB) [5]. However, simultaneous transmission
and reception (STAR) generate self-interference (SI), which restricts the per-
formance of the FD systems. Hence, a major challenge in the operation of FD
systems is suppressing the SI, which makes the STAR feasible.

SI cancellation (SIC) is usually carried out in the analog domain (AD) and
digital domain (DD). The active and passive AD cancellation is performed in
the space and radio frequency (RF) circuit domain. The remaining SI, called
residual SI (RSI), is further suppressed by applying reliable and efficient DD SIC
algorithms [6]. The performance of the SIC technique depends significantly on
the accuracy of the SI channel estimation [7]. In [6], the least square (LS) based
ST channel estimation is used for RSI cancellation, where noise is ignored for the
channel estimation computation, resulting in a high estimation error. To reduce
the channel estimation error, the minimum mean square error (MMSE) estimator
is proposed in [8] for the FD communications system. However, the analysis is
limited to the two legitimate nodes operating in FD mode, and the prospective
advantages of the LS and MMSE estimator are not explored for CD2D systems.
Moreover, the analysis in [6,8] is limited to a single carrier transmission, and
hence, there is a need to explore the LS and MMSE estimator for a multicarrier
transmission-based CD2D communications system. The MMSE outperforms the
LS-based SI canceler at the cost of implementation complexity.

Recently, the merits of the orthogonal frequency division multiple access
(OFDMA) and CD2D communication framework have been combined by many
researchers for efficient spectrum utilization in a short distance communications
system [9,10]. In [9], OFDMA based CD2D system is proposed, and the OP
expressions for UL transmission from the cellular user (CU) and D2D links are
derived. However, the analysis is confined to half-duplex (HD) mode exclusively.
In [10], an outage analysis of the FD relay (FDR) assisted CD2D framework has
been proposed with an optimal power allocation framework for maximizing the
achievable transmission rate of cellular and D2D links. However, the proposed
scheme uses a single carrier system and incurs overhead by deploying an extra
relay node. Additionally, [9,10] have not explored the advantages of DD SIC
techniques to reduce RSI.

To the best of our knowledge, no existing literature has investigated the RSI
cancellation for an OFDMA based FD CD2D communications system. Hence,
motivated by the existing literature on the CD2D communications system, in this
paper, we propose an OFDMA based FD CD2D communications system wherein,
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a single D2D user is mapped with a CU on a specific TFRB. Using OFDMA, the
available cellular bandwidth is divided into NV independent and orthogonal sub-
carriers, where each subcarrier carries equal sub-channel bandwidth. The system
works as an in-band D2D mode, wherein the D2D pair shares the cellular spectrum
for D2D transmission. According to the proposed scheme, BS broadcasts N sub-
carriers to CU and D2D pair. Out of N received subcarriers, D (where D < N)
subcarriers are allocated to FD node (S) for relaying the DL cellular transmis-
sion signal, and the remaining N — D subcarriers are allocated to the D2D user
for its own transmission. SI occurred at the FD node is suppressed using active
and passive cancellation schemes in the AD. Further, this paper adopts LS and
MMSE-based RSI channel estimation to suppress the RSI in the DD. The main
contributions of the proposed work are summarised below:

— An OFDMA based FD CD2D communications system is proposed, wherein
the D2D node operates as an FDR for cellular UL transmission.

— The closed-form expressions of achievable rate and OP for cellular UL trans-
mission utilizing FD relaying and D2D transmission have been derived.

— MMSE-based DD RSI cancellation scheme is adopted at D2D node to reduce
the RSI. Further, the performance is compared with the LS-based RSI can-
cellation scheme.

— An OP analysis of D2D and cellular transmission is shown with respect to
the number of allocated subcarriers for different RSI parameters.

— A comparison of MMSE and LS-based RSI cancellation schemes is shown
for the proposed FD CD2D communications system in terms of mean square
error (MSE).

2 System Model

Figure 1 shows the proposed FD CD2D system consisting of a BS denoted as B,
one UE acting as CU, denoted as C, and two UEs acting as the D2D transmitter
and receiver denoted as S and T, respectively. Node S works as an FD relay
utilizing the decode and forward (DF) protocol. Please note that due to physical
obstacles or heavy shadowing, there is no direct communications link between
the C and B [11]. Using OFDMA, the available bandwidth at C is divided into
N orthogonal subcarriers, and these subcarriers are distributed among C and
S by the B in accordance with the traditional in-band D2D communications
system [12]. The communication channels between the nodes are modelled as
Rayleigh block fading with channel coefficient denoted by gayx ~ CN (0, d;}*);
where z,y € {C,S,R, B} and d is the distance between the transmitting and
receiving nodes, and p is the path loss exponent [9]. The parameter k represents
the index of subcarrier (1 < k < N). Hence, the channel coefficient for C-S link
is gcs, i over k" subcarrier. Similarly, the channel coefficient for S-B link and S-
T link are gsp  and gst i, respectively. For each subcarrier, the instantaneous
channel gain is defined as hgy 1, = |gxy’k|2. The communication between each
pair of nodes is affected by additive white Gaussian noise (AWGN), represented
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as ng ~ CN(0,02,,,), where o2, is the maximum AWGN variance observed at
each pair of nodes. AWGN variance at node y is denoted by 05. The subcarrier
power transmitted by C and S is denoted by pc, and ps, respectively. It
is worth mentioning that z¢  and xgj are presumed to have mean zero, and
E[x¢ pzok] = Elzsi*ws k] = 1, here E[] is the mean estimation operator.

B: Base station
C: Cellular user
S: D2D transmitter
D: D2D receiver

— Cellular link

— — —» Interference link

— > D2Dlink

Fig. 1. System model

2.1 Residual Self-interference Model

The occurrence of SI due to STAR at the FD node S deteriorates the system
performance. In [13], it has been shown that if the ST is adequately managed, then
STAR is possible. However, SI can not be fully canceled due to some pragmatic
constraints, which results in RSI. From [14,15] we model the RST as an additive
Gaussian random variable:

vsk ~ CN (0, Bps.x) (1)

where, ps i € (0, Ps) denotes the power of the signal transmitted from the source
S, and Pg is the maximum power available at the source. Here, 5, A € [0, 00) are
based on the parameters of the best fit line [7].

The transmit-power-to-RSI-ratio (TRR) without RSI cancellation is defined
as:

TRR = 5% (2)
ﬁps,k
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2.2 Residual Self-interference (RSI) Cancellation Schemes

RSI is reduced further to improve the performance of an FD CD2D system. A
good DD RSI channel estimate is required for RSI cancellation. In this paper,
two such techniques (LS and MMSE) are used at S for RSI cancellation. In
LS-based RSI channel estimation, we multiply the frequency response of the
received self transmitted signal with the inverse of the transmitted signal in the
absence of the C signal. LS exhibits less complexity, and it is easy to implement.
However, a major drawback of the LS scheme is that noise is ignored for esti-
mating the DD RSI channel, resulting in a high estimation error [8]. The MMSE
channel uses autocorrelation matrices and considers the noise, which results in
high implementation complexity and computational cost as compared to the LS
technique. However, MMSE channel estimation gives a much lesser mean-square
error as compared to LS. In the proposed FD CD2D framework, we analyze the
system performance by applying LS and MMSE-based RSI cancellation schemes.
There is always a trade-off in between computation complexity and performance
output for selecting the LS and MMSE-based RSI cancellation scheme.

3 Transmission Protocol Description

Let, zcx(t) denotes the UL signal transmitted by C over the k' subcarrier,
which is represented as hypothesis H; and the received signal at S is given by,

Hi: ysi(t) = \/porgoskror(t) +vsk(t) +nsp(t); 1<k<N, (3)

where, vg i (t) = hg; * x5 1 (t) represents the RSI, and n, k() represents the zero
mean AWGN for k' subcarrier. Here, hy; is assumed to be a single tap Rayleigh
fading RSI channel coefficient, and * denotes the convolution operator.

Next, we have adopted LS and MMSE-based DD RSI cancellation schemes
to mitigate the SI further. Here, first, S estimates the DD RSI channel in the
absence of a C signal. The estimated RSI channel is used for the RSI cancellation.
In the absence of C signal, the received signal at S is represented as hypothesis
Hj and is given by,

Hy : ysyk(t) = hg;(t) * l‘s,k(t) + ns,k(t) 1<k<N. (4)
The frequency-domain representation of received signal at S is given by,
Yo (f) = Xsu(f)Hsi(f) + W (f), (5)

where, Ys () <2 ys(t), Xsu(f) <= zsx(t), and Wy (f) <2 nsp(t). << rep-
resents the Fourier transform operator. Next, the LS-based RSI channel estimate
is obtained by,

y Yok (f)

Hy(f) = Xoxlf) = Hy(f) + W, ,(f), (6)
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where, st +(f) denotes a noise component present at the estimated SI channel
coefficient. Further, the time-domain SI channel estimate is acquired by getting
inverse fast Fourier transform (IFFT) of (6) and is given by,

(1) = TFET(HLu(f)). (7)
As mentioned before, LS-based estimation is not accurate due to the absence
of noise. A more statistical channel estimation MMSE can be employed for a

better RSI channel estimate. As MMSE depends on the statistical parameter,
the statistical mean of the received signal (4) under Hy is given by,

Elysx(t)] = Elhsi * s, (t)] + E[ngk(t)]; 1<k <N, (8)
Elys k()] = 2sx(t) * E[hs] + Elnsr(t); 1<k <N. 9)
Since, ng x(t) is the zero mean independent identically distributed (i.i.d) random

variable, E[ng;(t)] = 0, and the approximate mean estimate of the received
signal is given by,

Elysk(t)] = zsx(t) * E[hg]; 1<k < N. (10)

Hence, the MMSE channel estimate Bsi(t) using the statistical algorithm is given
as,
hisi(t) = Ry (t) Ryy () (ys k(1) — Elys.x(t)]), (11)

where, Ry, is the cross co-variance of hg;; ysr and Ry, is the co-variance
matrix of ys .

Now, using the estimate of RSI channel coefficient based on the LS and
MMSE schemes as per (7) and (11), we may further reduce the effect of RSI in
H,, and is given by,

Ys.k(t) = /Pokgoskrek(t) +vsk(t) + nsk(t)
— hyi()zsr(t); 1<k<N---H. (12)
The TRR followed by LS/MMSE based DD RSI cancellation scheme is given
by,
DS,k
B3, — var(hsi(t)zs,k(t))
DS,k DS,k
= - = . (13)
ﬁpg,k - 51?%’;@ Aﬂpgk
Here, Aﬁpg i is the RSI power after DD cancellation scheme. Further, S decodes

xc, from (12), and the decoded signal is represented as Z¢ 1 (t). This is forwarded
to the B over D subcarriers. The signal received at the B is given by,

yB.k(t) = \/Psk9sBrEox(t —to) +npi(t); 1<k <D, (14)
where, t( is the processing delay. Here, the remaining N — D subcarriers are
used to send the D2D data to node T.

The D2D signal is denoted by xg x(t) and the signal received at T is given
by,

TRR =

)

yrk(t) = \/Psk9spkts k() +npi(t); 1<k<N-D. (15)
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4 Performance Analysis

4.1 Cellular Uplink Outage Probability
The instantaneous rate at the C-S link,
al pokhosk
Res = log, [ 14+ 5——>—|. (16)
; 2 g ?9 + Aﬁpg,k

If Rg represents the target transmission rate, the probability that FD node S
cannot decode the cellular UL signal is obtained as,

P, = Pr(Recs < Rg) - (17)

From [3],
psk = Ps,Vk; pcr = pco,Vkihesk = hes,VEk. (18)

Since, hcs ~ exp(dfg), using (16), (17) and (18), we get the OP P; of the
exponential distribution as,

h
P = Pr (N log, (1 + pCCS) < RS)

o + ABp}
(2% —1) (03 + A8p)
=Pr | hes < ,
bc
Rg
it (% 1) (2 amnd)
=1l-e v . (19)

Now, the instantaneous rate for the S-B link (Rgsp) is,

D
Ds,khsB K
R = 1 14+ = ). 20
SB ; ng( + o2 ) (20)

Let P, be the probability that S to B link does not satisfy the target rate (Rp).
Hence,

P>, = Pr (RSB < RB)

h
= Pr <D10g2 (1 + 25 QSB> < RB>
9B

(2’%3 - 1) o

Pbs

=Pr | hsp < (21)
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On solving further using the cumulative distribution function (CDF) of an expo-
nential distribution, the result obtained for P is,

Rp
—ak <2T71> (023)
Po=1—¢ Ps . (22)

To find the OP of the C-S-B link (UL), we consider the cases where an outage
occurs:

1. S cannot decode the data sent by C.
2. S decodes the data from C successfully and S-B link cannot achieve the
required target rate.

Hence, using (13) and (18), the OP of the C-S-B link can be written as,
Poutur = P14+ (1= P1)Ps. (23)

4.2 D2D Link Outage Probability

This section comprises achievable D2D rate and OP expressions. Here, an FD
node S forwards cellular UL data with D subcarriers, and the remaining N — D
subcarriers are used for D2D communications. The instantaneous rate received
by the node T is written as,

& ps,khs
Rap = 1 1 4 PSEDCSTER ) 24
ST kE:I og2< + o) (24)

If Ry is the target rate of transmission, then probability that node T cannot
decode the signal from node S is given as,

P; = Pr (RST < RT) s
i (5770 1) (-3)

=1-e Ps . (25)

Let P, be the probability, when S is not able to decode the signal received
from C. Hence,

it (2N 1) (o)
Pi=1-—c¢ 75 . (26)

To find the OP of the D2D link, we consider the following two cases:

1. S cannot decode the data sent by the CU. Then, S uses all N subcarriers for
D2D transmission.

2. S decodes the data from CU successfully and forwards D out of IV subcarriers
to B, and remaining N — D subcarriers are used for D2D transmission.

Hence, using (13), (22) and (23), the OP of the D2D link can be written as,
Pout,p2p = P1Py+ (1 — Py)Ps. (27)
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Table 1. Simulation parameters

dcs |dsp |dsp ps, pc |N
200m | 300m | 50m | 100 mW | 32

5 Theoretical and Simulation Results

This section presents the theoretical and simulation results for the outage prob-
abilities of the D2D and cellular links. The simulation parameters are listed in
Table 1. Figure 2 shows the theoretical and simulation results of cellular OP vs.
D, with varying RSI parameter 5. The RSI parameter A is set to 5, as most of
the SI power is suppressed in analog and propagation domain and remaining RSI
is canceled in DD [6]. As shown in Fig. 2, cellular OP decreases with an increase
in the number of subcarriers D forwarded by node S to B. This is due to the fact
that as the value of D increases, UL transmission is more reliable and tends to
have a lower probability of outage. The value of (3 is varied in decreasing powers
of 10. It is observed that cellular OP decreases with a decrease in value of 3. This
is due to the fact that as 3 decreases, the magnitude of the RSI term decreases
consequently lesser SI at the FD node, resulting in low OP. After 3 = 1077, the
cellular OP reaches a minimum saturated value.
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Fig. 2. Cellular OP vs D subcarriers (varying 3)
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Fig. 6. Cellular OP vs D with RSI cancellation

Similarly in Fig. 3, we observe cellular OP vs D number of subcarriers with
varying A, while setting 3 to a constant value of 1072, The cellular OP decreases
as the value of A increases. This is due to the fact that increasing the value
of A\ decreases the value of the RSI term, since pg < 1W. Hence, with lesser
interference, the OP of the C-S communication link decreases. Beyond A = 5,
the value of P,,; appears to be saturated and does not decrease much with
further increase in A.
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Similarly, Fig. 4 shows D2D OP for different values of the parameters 3 and
A varying with D number of subcarriers. An increase in OP is observed with an
increase in D. This increment in D2D OP is due to the fact that as D increases,
N — D decreases, and hence, the number of subcarriers allocated to the S-T link
decreases. We obtain a probability of the order 107 when the parameters are
set to B = 1072 and A = 5, which appear to be optimal values for both the
D2D and cellular links. The chosen optimum values of 8 and A are justified by
the analysis done in [10].

Figure5 shows the comparison between LS and MMSE channel estimation
techniques in terms of the MSE with respect to signal to noise ratio (SNR) (in
dB) received at S under Hy. It could be clearly observed that MMSE completely
outperforms LS-based DD SI channel estimation for a wide range of SNR 0 to
30 dB. Figure6, shows the cellular OP vs. D number of subcarriers with and
without RSI cancellation scheme. Here, we consider § = 1072 and A = 0.5, it
is found that by employing LS based RSI cancellation, the obtained estimate of
Bis =103 and by employing MMSE RSI B =10"" Tt is clearly observed
from Fig. 6 that the proposed FD enables CD2D along with MMSE-based RSI
cancellation gives the optimum performance compared to the proposed system
with LS based RSI cancellation.

6 Conclusion

This paper proposes an OFDMA-based FD CD2D communications system,
wherein the D2D source node acts as an FDR that DF the cellular UL data
with D out of N orthogonal subcarriers received by CU. In exchange for relay-
ing the cellular data, FD node S uses the remaining N — D subcarriers for its own
transmission. An LS and MMSE-based RSI cancellation scheme is used at the
D2D source for RSI mitigation. The closed-form expressions of D2D and cellular
outage probabilities were derived using a probabilistic mathematical model in
the presence of LS and MMSE-based RSI cancellation. Results demonstrate the
variation in the OP for the D2D and cellular links with the RSI parameters
and A and the impact of the RSI cancellation scheme on outage analysis of the
C-D link.
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