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Abstract: This paper considers the transceiver design in a multiuser multiple-input multiple-output
(MIMO) full-duplex (FD) amplify-and-forward (AF) relay downlink communication system, where
users simultaneously transmit data via an FD relay node. The design incorporates an imperfect
loop interference (LI) cancellation which results in a residual LI. Linear precoders are employed at
the sources and relay, and minimum mean-squared-error (MMSE) combiners are employed at the
destinations to mitigate the effect of the residual LI. The corresponding design problem is highly
nonconvex, so a closed-form solution is intractable. Thus, an iterative method is developed to solve
this optimization problem. Simulation results are presented which show that the proposed iterative
algorithm provides better performance than the corresponding half-duplex (HD) solution in terms of
the achievable rate under residual LI

Keywords: amplify and forward (AF); capacity, downlink, full-duplex (FD); loop interference (LI);
MIMO; transceiver

1. Introduction

Multiple-input multiple-output (MIMO) relay communication systems have been
the subject of considerable research due to their ability to improve both achievable rates
and coverage [1-6]. A relay is used between the source and destination, so the signal is
transmitted from the source to the relay and then from the relay to the destination. The
relay node can employ either the decode-and-forward (DF) or amplify-and-forward (AF)
protocols. AF amplifies the received signal and forwards it to the destination, so it has a
lower complexity than the DF protocol [7].

Precoding is a well-known technique for interference mitigation. A joint precoding
optimization for a multiuser relay downlink system was investigated in [1]. The sum
capacity was maximized by using quadratic programming, but multiple antennas were
employed only at the relay. The performance can be improved by using multiple antennas
at the source and destination. A transceiver design for a multiuser non-regenerative MIMO
relay system with multiple antennas at both the source and destination was investigated
in [2-6]. However, a half-duplex (HD) relay was employed, so transmission from the source
to destination requires an extra time slot which limits the potential capacity.

In the past decade, full-duplex (FD) relay systems have attracted attention because data
transmission from a source to a destination can be completed in one time slot [7-11]. Thus,
FD MIMO relaying can increase capacity compared to HD systems [9], but loop interference
(LI) is a critical issue because the relay transmits and receives simultaneously. In general,
the LI is much larger than the channel noise and so can significantly degrade performance.
As a consequence, several LI cancellation techniques have been developed [10]. Temporal
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cancellation methods such as antenna isolation and analog/digital precancellation have
been shown to be effective. However, it is impossible to cancel the LI completely, and the
residual LI can still be larger than the noise [12].

Estimating channel state information (CSI) is challenging due to the dynamic nature of
wireless environments and the complexity of modern communication systems. However,
current estimation algorithms have been shown to provide good accuracy, particularly in
cellular systems [13]. Thus, it can be assumed that CSI is available in the proposed system.
In [14], deep neural networks were considered for channel estimation with multiuser pre-
coding in the downlink of a frequency-division duplex massive MIMO system. In [15], an
efficient transceiver design was examined for full-duplex (FD) multiuser massive MIMO
systems operating in millimeter wave frequencies. An iterative solution was developed for
the proposed digital MMSE transceiver beamforming. Secrecy in cell-free massive MIMO
systems was proposed in [16] through the joint optimization of uplink power control,
downlink beamforming, and duplex mode selection. Artificial noise was incorporated, and
an iterative method was used to solve the associated nonconcave—convex approximation.
In [17], beamforming was investigated for in-band FD multi-cell multiuser MIMO networks.
Hardware impairments, channel uncertainty, and limited channel state information (CSI)
were considered in the MMSE beamforming design to improve system performance under
global and local CSI. However, none of the approaches in the literature considered the
practical limitation of residual loop interference due to imperfect CSI cancellation. This
interference should be considered in developing robust and effective wireless communica-
tion systems. The impact of residual self-interference (SI) and loop interference (LI) in a
full-duplex space shift keying communication system was investigated in [18]. Thus, the
residual LI due to imperfect interference cancellation is considered in this paper.

Unlike the uplink communications in [19], this paper considers a MIMO FD relaying
downlink communication system with multiple source-destination pairs. A transceiver
design for the sources and relay, and a linear combiner design at the destinations, are
investigated considering the residual LI with the goal of minimizing the MSE of the
received signals at the destinations. An iterative algorithm is developed to update the
source and relay transceiver matrices and the linear combining matrix at the destinations.

The remainder of this paper is organized as follows. Section 2 presents the system
model, and the optimization problem is solved in Section 3. Results are presented in
Section 4, which demonstrate the effectiveness of this solution, and some conclusions are
given in Section 5.

Notation: Bold uppercase, bold lowercase, and normal letters denote matrices, vec-
tors, and scalars, respectively. vec(-) denotes matrix vectorization, ® denotes the matrix
Kronecker product, tr{-} is the trace of a matrix, and Iy is the N x N identity matrix.

2. System Model

Consider a MIMO full-duplex (FD) relay system with K source-destination pairs
communicating simultaneously with the aid of a relay. The source-to-destination links
are assumed to be inconsequential due to the large-scale fading and the large distances
between them.

Figure 1 presents the system model with the kth source—destination pairs equipped
with N;, and Ny, antennas, respectively. The FD relay has N, and N; antennas to simulta-
neously receive and transmit signals, respectively. Therefore, communication between the
source—destination pairs is accomplished in one time slot compared to an HD system that
requires two time slots.
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Figure 1. The multiple-user MIMO full-duplex (FD) relay system.

Let si[n] represent the length d signal vector at time n for the kth source. A linear
transceiver matrix @ [n] is applied to si[n] before transmission. The received signal at the
relay can then be expressed as

K
= )_ Hy[n]O[n]si[n] + Rp;[n]t[n] + n,[n], ©)
k=1

where Hi[n] € CN"*Ni js the channel between source k and the relay node, Ry;[n] €
CNr>Ni s the loop interference (LI) channels, and n,[n] € CN! is an independent and
identically distributed (i.i.d.) additive white Gaussian noise (AWGN) matrix. As the
received signal y,[n] is corrupted by residual LI, from [12], it can be written as

Z Hy[n sk[n] + Rpy[n]At[n] + n,[n], 2)

where At[n] = t[n] — t[n], and Rp[[n]At[n] is the residual LI. At time n + 1, the relay
amplifies the received signal with a relay transceiver matrix I'[n + 1] € CN*Nr and forwards
the resulting signal to the destinations. The received signal at the kth destination is then

Ykln +1] = Ge[n + 1T[n + 1]y, [n] +ng [n +1], 3)

where Gy[n + 1] € CNi*Nt is the channel matrix between the relay and destination k, and
ng [n+1] € CNex1 is an i.i.d. AWGN vector with a zero mean and unit variance. As
in [6,7,12], channel state information (CSI) is assumed to be available at all nodes. In
addition, channel variations during the transceiver matrix update interval are assumed
to be relatively small [19] and so do not influence the transceiver design [12]. Thus, the
received signal at the kth destination can be expressed as

K
vk = GiT ) HiOysy +ny, 4)
k=1
where
n;, = le"RLIAt + le"nr + ng. (5)

Asin [18,20], At is modeled as white Gaussian noise which is independent of n, and n,,,
and has variance o2. Consequently, the covariance matrix of ny is

C, = E[nknf]. (6)

k
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A linear combiner My € CNe*Ns is used at the kth destination to obtain the signal estimate
8 = My ?)
The mean square error (MSE) at the kth user is defined as
MSE; = E[(8 — si) (8x —s¢)"')

= (M{'Ly — L) (ML — 1) + M Cy My ®)

+ M}E,, My,
where Ly = G THy and E;;, = GT Zﬁ:l,m;ék H,HITHGH k =1,...,K. Optimization is
employed to obtain the linear transceiver matrices @y and I at the source and relay, and

to obtain the linear combiners My, at the destinations. The minimization of the sum mean
squared error (SMSE) of the received signals at the destinations can be expressed as

min SMSE (9a)
O, I My

s.t.tr(T(y,yErt) < p, (9b)

tr(00f) < Py, k=1,... K, (9¢)

where SMSE = Y°f_, tr(MSE;), and Py, > 0 and P, > 0 are the power constraints at the kth
source and relay, respectively.

3. Optimization Problem Solution

The problem in (9) is highly nonconvex which makes obtaining a global optimal
solution intractable, so an iterative algorithm is presented. This solution is based on an
alternating optimization that updates @y, I' and My, individually with the other parameters
kept fixed to solve the three convex subproblems.

First, given Oy and I, the optimal combiner at the kth destination M is obtained by
solving the unconstrained convex problem for My, which is independent of the constraints
in (9b) and (9¢). The optimal solution can then be obtained by taking the derivative of (8)
with respect to My and setting it to zero. Solving ﬁtr(MSEk) = 0 gives

M; = C,,'GTH,©, (10)

where
C,, = (G,THO®HITIG] + C,, +E,, ) 'G,TH, 0y,

which is known as the Wiener filter.
Second, with My, from (10) and given @y, I can be obtained by solving the following
problem. The objective function in (9) can be expressed as

K
SMSE = Y tr((M{!G,THO; — Iy, ) (M} G, THO;
k=1
—1In) " + M (7GR RETHG] +
GUITAGH + Iy, )My + MG I'x
K
Y. HO,0,HTIGM,).
m=1,m#k

(11)
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Note that since @y, is known, the constraint in (9¢) is eliminated. The optimization problem
then becomes

min SMSE
K (12)
s.ttr(T(Y. H @O HY + o R RE + Iy, )TT) < P
k=1

Consider the singular-value decomposition (SVD) of the equivalent source-to-relay
and relay-to-destination channels:

H = [H,0y,...,HxOk] = U,A, V{], (13)
and
G=I[G],...,Gy]" = UyA VY. (14)
The optimal relay precoding matrix is similar to that in [7]:
I = VAU, (15)
and from (13) and (14), we have
H O = Uy Vi, (16)
and
Gy = Ug AgVy. (17)
Note that
Vi =V, Vi T,
and

T T1T
Ug - [Ugl”UgK] y

which have dimensions d X L1 and N; X L, respectively. Substituting (13)—(15) in (11) gives

K
SMSE = ) tr((MUg AgAA, V! —Ty,) X
k=1

(M Ug AgAN, V)L —Ty)"
+ M (07 Ug AGAUFR R U, AT AU (18)
+ Ug AgGAATALUE + Iy, + Ug AgA

K

XY ARV VL A AT AGUE M),
m=1,m=#k

Using the matrix identities

tr(C'D) = ((C))Hvec(D),
tr(AHBAC) = tr(vec(A))H(CT @ B)vec(A)
vecABC = (CT® A)vec(B),

where vec(-) concatenates the columns of a matrix into a single vector, the SMSE in (11)
can be expressed as a function of a = vec(A):

K
SMSE = ) (Pra— Vec(INk))H(Pka —vec(Iy,))
k=1 (19)

+ aHQka + aHSka + aHRka +t
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where
: H
t = Z tl‘(Mk Mk),
k=1
does not depend on a and
P = (A V)T @ (MU A), (20)
Qi = o7 (U} RLIRUL) T @ AgUg MM Ug, Ay), (21)
Sk =1 ® (AgUg/ MM Ug, Ayg), (22)
K
Re=( Y AV VAT @ (AUEMM Ug Ay). (23)
m=1,m#k
The relay transmit power constraint in (12) can be written as
K
tr(T (Y H @O HY + o7 RRE; + Iy, )TH)
k=1 (24)
= tr(A x (A} + U R RE U, + 1, )AT).
Defining D = (A% + atzU,IjRLIRfIUh +1,) ® I, (24) can be written as
al'Da < P,. (25)
The original relay optimization problem is then given by
min SMSE
A (26)

s.t.a'lDa <P

This is a quadratically constrained quadratic programming (QCQP) problem which is
convex and so can be efficiently solved using the interior point method. For example, the
CVX toolbox for disciplined convex programming [21] can be employed.

Third, the kth source precoding matrix @, can be obtained using My and I given
above. The corresponding optimization problem can be formulated as the following
QCQP problem:

K
SMSE = Y_ tr((GTH,O) — Iy, ) (G THO) — Iy, )"
k=1

. (27)

+GI ), H@OfH{T'GY) + by,
m=1,m#k

where G, = Mf Giand t; = 2{{(:1 tr(M,Ij CxM) can be ignored in the optimization as
they do not depend on ®y. Using the matrix identities, (27) can be written as a function of
0 = vec(®y) which gives
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K
SMSE = Y [(Skf — vec(In,)) " (S — vec(Iy,))
k=1
K - -
+ Y o1, @ HETHG G TH,,)0,]
m=1,m#k (28)
+t
K
= Y [(Skfk — vec(In, )™ (S — vec(Iy,))
k=1

+ QkaQk} + ty,

where
S = Iy, ® (G¢TH),
K - -
T,=Iy® Y (H'T'GIGTH),
m=1,m#k

and
X H
t, = Z tr(Mk anMk),
k=1
which is independent of ©; and so can be ignored. Introducing T = bd(Ty,...,Tk),
where bd () denotes a block-diagonal matrix, and Sy = [Syq, .. ., Sk, where Sg = Sy and
Sjx = 0,j # k, (27) can be written as a function of 6 = [GlT , GlT e, Bg]T, which gives

K
P1(0) = Y (50 — vec(In,)) " (5¢0 — vec(Iy,)) + 67T (29)
k=1

Now, defining
— HyH
Ei=1IN® (Hj r rH]-),

E = bd(Ey, Ey, ..., Ex),

and
E= bd(Eil/ EiZ/ ceey EiK)/

where E;x = Iz, and E;; = 0,i # j, the optimal 6 can be obtained by solving the following
problem

min @1(6)

K
s.t. Y 0PE0 <P (30)
i=1

0HE < P, — o?tr(T (0P R RE, 4 1y, )TH).

This is a QCQP problem which can be solved using the CVX toolbox for disciplined
convex programming.

The symbols employed in this work are summarized in Table 1. The proposed iterative
algorithm is given in Algorithm 1. The convergence of this algorithm is guaranteed as
follows. As the three subproblems are convex, each update of @y, I, and My may decrease
or at least not increase the value of the objective function. Thus, the iterative algorithm will
converge to an optimum solution.
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Algorithm 1: Iterative Design of @y, I, and M.
1: Initialize the algorithm with ©(®) = %I 1 and
ro — iz Iy, and setn = 0.
tr(HSR®;<<O> (HSRGJ((O) VAR R F+Ty,)
2: Update M](cn) using T") and @,E”) using (10).
3: Update I'"+1) using M,En) and @,(C”), k=1,...,K, in (15).
4: Update @,(cnﬂ) using M,(cn) and T'"+1) by solving the problem in (30).
5. If (SMSE(") — SMSE("+1)) /SMSE(™) > ¢, go to step 2.
6: End
Table 1. Symbol descriptions.
Symbol Description
Sk Signal vector for the kth source
O Linear transceiver matrix at the source for the kth user
H; Channel between source k and the relay node
Ry Loop interference (LI) channels
n, ii.d. additive white Gaussian noise (AWGN) matrix
M, Linear combiner at the destination
r Transceiver matrix at the relay for the kth user
My Linear combiners at the destinations for the kth user
R Achievable rate

4. Numerical Results

This section presents the evaluation of the performance of the proposed multiuser
MIMO FED relay downlink algorithm using numerical simulation. The CVX toolbox was
employed, which is a Matlab-based software package for solving convex optimization
problems [21]. For simplicity, we considered a system with two sources and two destina-
tions. The extension to more than two source—destination pairs is straightforward. We
assumed that the sources and destinations were each equipped with two antennas, and the
relay was equipped with four receive antennas and four transmit antennas. The simulation
parameters are given in Table 2.

As in the related literature, flat-fading MIMO channels were considered. It was
assumed that the elements of Hy, Gy, and Ry were i.i.d. complex Gaussian random
variables with a zero mean and unit variance. Moreover, all noise terms were i.i.d. complex,
circularly symmetric Gaussian random variables with a zero mean and unit variance.
According to [9], the residual LI can be 0 dB to 20 dB larger than the channel noise.
Therefore, LI levels of 0 dB, 5 dB and 10 dB were employed here. In all cases, the results are
given for an average of 1000 independent channel realizations. Note that the HD system
mentioned in this paper is the same as the proposed FD system except that the residual LI
term is zero and the achievable rate of the HD system is half of the FD system since two
time slots are required for transmission between a source and destination. Thus, the same
optimization procedure is employed.

Figure 2 presents the SMSE for the HD and FD systems with different levels of residual
LI The signal-to-noise ration (SNR) between the sources and relay varies from 0 dB to
30 dB, and the SNR between the relay and destinations is fixed at 30 dB. These results
indicate that the HD system provides the best SMSE as the FD performance is degraded as
the LI increases.
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Figure 2. SMSE versus SNR;_, with SNR,_; = 30 dB.

The achievable rate for the system in (5) can be obtained using an approach similar to
that in [8], and can be written as

K
R= YRy (31)
k=1

where
R, = 10g2 det [INd + (Gerka)(Gerka)H

(32)
x (FG IR RITAGE + GIITIGH +1y,) 1)

Figure 3 gives the achievable rate for the HD and FD systems. In this figure, the
SNR between the sources and relay varies from 0 dB to 30 dB while the SNR between the
relay and destinations is fixed at 30 dB. The HD system corresponds to the case when
the residual LI is zero and two time slots are required for transmission from sources to
destinations. Therefore, the FD achievable rate is twice the HD achievable rate if the LI is
cancelled completely. Further, the achievable rate with the FD system is higher when the
residual LIis 0 dB to 10 dB. The achievable rate of the FD system is degraded as the residual
LI increases in the high-SNR region since the residual LI is greater than the multiuser
interference. In the low-SNR region, the multiuser interference dominates the residual LI,
so the effect of the residual LI is negligible.
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Figure 3. Achievable rate versus SNR;_, with SNR,_; = 30 dB.
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Figures 4 and 5 present the SMSE and achievable rate with a fixed SNR of 30 dB
between the sources and relay and an SNR between the relay and destinations from 0 dB
to 30 dB. The SMSE in Figure 4 is better than in Figure 2 in the low-SNR region because
a higher transmit power results in more residual LI. Figure 5 shows that the achievable
rate of the FD system is always higher than that of the HD system for residual LI levels
up to 10 dB. These results confirm that the proposed approach is effective in addressing
the effects of the residual loop interference due to imperfect LI cancellation in full-duplex
systems. Further, this solution is superior to conventional half-duplex communications.
Table 3 gives the percentage improvement in achievable rate with the proposed system over
the conventional half-duplex system for different levels of residual LI and SNRs. These
results demonstrate the robustness of the proposed design as the improvements exceed
75% when the residual LI is low. Further, they confirm the effectiveness in optimizing
performance in practical scenarios.

10t
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—&— SMSE HD
—#— SMSE FD LI=0dB
—#— SMSE FD LI =5dB
SMSE FD LI =10 dB
1072 I I I N N
0 5 10 15 20 25 30
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Figure 4. SMSE versus SNR, _; with SNR;_, = 30 dB.
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Figure 5. Achievable rate versus SNR,_; with SNRs_, = 30 dB.
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Table 2. Simulation parameters.
Parameter Value
Downlink/uplink users 2
Relay antennas 2x2
Downlink/uplink user antennas 2x2
LI levels 0dB, 5dB, 10 dB
No. of independent channel realizations 1000
Source-relay and relay-source SNR 0dB, 5dB, 10 dB, 15 dB, 20 dB, 25 dB, 30 dB

References

Table 3. Percentage improvement in achievable rate.

) SNR,_, = 30 dB with SNR,_; =27 dB with
Residual LI SNR,_, =27 dB SNR,_, = 30 dB
FD No LI 100% 100%
FDLI=0dB 76% 86%
FDLI=5dB 36% 58%
FDLI=10dB 4% 9%

5. Conclusion

This paper considers a transceiver design for the downlink of a multiuser non-regenerative
MIMO full-duplex (FD) relay system with residual loop interference (LI). The source and
relay transceiver matrices and destination combining matrix are optimized to minimize the
sum mean squared error (SMSE). The original nonconvex problem is converted to three
convex subproblems, and an iterative algorithm is developed to optimize the three matrices.
Results are presented which demonstrate that the proposed iterative method outperforms
the corresponding half-duplex (HD) relay system in terms of the SMSE and achievable
rate. The effectiveness of the proposed solution was illustrated via simulation. Future
research can consider interference cancellation techniques, integrating machine learning
for dynamic system optimization, and next-generation wireless technologies. Internet of
things (IoT) and mobile communication applications can also be examined considering the
adaptability and scalability of the proposed approach and to further confirm its impact.
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