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Abstract y
A two-way relay network refers to a communication scenarlo hich two nodes exchange

information with each other, but they are out of transmission r n ch other. In this scenario, a
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relay node can facilitate the information exchange between t ommunication nodes. The relay
node receives signals from both nodes, processes them, en forwards the processed signals to
the nodes. Interference is the fundamental challen o-way relay channels which reduces the
received signal quality, where beamforming% e interference. Further, when the number of
pairs of users increases, the spectral efficiency(SE) decreases dramatically. The purpose of this
study is to spectrally efficient user asse@iation in two-way network-coded device to device (D2D)
communication with multiple ant%el . We optimize the beamforming vectors at the relay to
maximize the achievable sum& In the proposed method, D2D users are selected from the pairs
that have the highest corre hannel gains. However, to increase the efficiency of transmission,

show that the proposed method can improve the outage probability and

those pairs whose a ata rate does not reach the threshold rate, are removed and other pairs
are replaced. Th Q

spectral effici tvvo -way communication in comparison with other methods.

Ke oroCJJser association, spectral efficiency, network coding, multiple-antenna relay, two-way,
D2D§ !
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1. INTRODUCTION

1.1. Motivation

The two-way relay channel (TWRC) serves as a fundamental building block for both centralized
and decentralized network architectures. In such systems, information exchange is typically
accomplished through a two-phase transmission protocol: during the first time slot, all user terminals
concurrently transmit their data to the relay node, which subsequently processes and broadcasts the
combined signal to all users in the second time slot. Relay with full-duplex channels car&&%d
receive information at the same time [1]. In this case, the relay manages the inter-pai‘r'& rence,
and the attainable degree of freedom (DoF) is limited to the minimum number ntennas of the
base station and the relay. In [2-5], the communication of multiple pairs throu -antennarelays

were studied. For a user with the single antenna, the inter-pair interfere’r&is/ ly managed by the

relay [2, 3, 6], and the achievable DoF for M-antenna relay is up W integer floor of % [5].

However, if we have N > % where N is the number of user @as that collaborate to suppress

the inter-pair interference, then DoF will be equal to M %
1.2. Related Works \

Several studies considered two-way mult%na relaying and discussed different challenges in
such transmission. It was shown that fwo-way multi-antenna relaying not only extends the
communication range but also improyes spectral efficiency [7]. In [8], the beamforming was
used in simultaneous wirelessd ;m(m and power transfer (SWIPT) with multi-antenna relay to
maximize the sum rate. The a@ in [9] presented a three-phase two-way relay network, where an
energy-constrained multi nna relay node harvests the energy from a pair of single-antenna
source nodes. In [10 L%’optimal source and relay beamforming scheme with power allocation for
two-way multi-a@@elay networks with SWIPT was proposed based on the principle of singular
value decomposition (SVD).

In or extend the coverage range, several studies employed relay-assisted device-to-device
(D2Dy cammunication by selecting an appropriate relay from the users, resulting in a decrement in
outage probability [11, 12]. However, in [12, 13], when there are enough relay candidates, i.e., users,
each D2D user pair chooses one relay. However, the number of idle users that can be used as relay,
are restricted [13, 14]. In addition, if the idle users are not interested to collaborate in transmission,
a waste of useful resources will happen. To this end, the authors in [15] proposed a system model in
which multiple pairs of D2D users share one relay. In their approach, the issue of unfeasible direct

communication links can be established and the limited number of relay users is avoided. Also, the



number of cell connections by using a topology, in which multiple D2D users assist with a single
relay, is increased.

Relay selection is a key issue in relay-assisted communications; hence several relay selection
schemes have been proposed in the literature. The work in [16] analyzed SWIPT-enabled two-way
CR-NOMA relaying and compares PSR and TSR protocols. The results showed that TSR
outperforms PSR by 8% in throughput while being more robust to energy harvesting variations.

The study in [17] considered multiple-input multiple-output (MIMO) relay communicatign in
multi-cellular interference systems in which MIMO source-destination pairs .wé&te
simultaneously. It was assumed that due to the shadowing effects and high attenuation\he aid of a
relay node is necessary to establish communication links. The authors minimj maximum
mean-square error (MSE) among all the receiving nodes considering so e‘éﬁ relay transmit
powers constraints. D2D communication in 5G/B5G networks enables woximity-based data
transfer, optimizing resource use, reducing latency, and boosting n@k capacity. The authors in
[18], reviewed key advances in D2D techniques (discover
allocation) and highlighted remaining challenges for future ?

The study in [19] presented a hierarchical optlmlpatl ork that decomposes the problem
into outer-layer (channel allocation) and inner- Ia er control) sub problems. By combining
discrete power control with game theory, th% m significantly improved spectral efficiency.
The authors in [20] studied power allﬁﬁn ima massive MIMO-assisted two-way relay system,

erence management, power

deriving closed-form solutions ,fo rate maximization and SNR-constrained scenarios,
demonstrating 1-2 dB gains o ermm power control.

Increasing congestion in r@pectrum due to the spread of I0oT devices and mobile users has
made efficient spectrur@gement a critical challenge, particularly in urban environments [21].
The authors explor otential of software-defined radio (SDR) and cognitive radio techniques
to optimize D2 EjQwunication in such congested scenarios. By leveraging low-cost SDR
platforms @TL -SDR) combined with distributed spectrum sensing and centralized SDN-based
decmon-éﬂ
The%@'framework integrated edge processing (via GNU Radio) and cloud-based analytics (using
Lab

discovery, offering a scalable solution for 5G and beyond.

ing, their approach enhanced dynamic spectrum access while minimizing interference.

W and loT protocols like MQTT) to enable real-time spectrum selection and D2D partner

A practical SDR-based test bed for single-hop D2D communication was presented in [22],
leveraging USRP and RTL-SDR platforms to validate performance in real-world scenarios. By
integrating LabVIEW for signal processing and OMNeT++ for simulation, the work bridges the gap
between theoretical D2D models and experimental implementation, offering insights into key



metrics such as throughput, SNR, and SINR. The results demonstrated that D2D potential in
enhancing spectral efficiency and reducing latency in infrastructure-limited environments,
promoting for scalable 5G applications.

In [23], two-way full-duplex relaying was analyzed, where multiple full-duplex user-pairs
exchange information. It was assumed that the hybrid relay has a smaller number of radio frequency
(RF) chains than the antennas. It was shown that a hybrid full-duplex relay has only marginally
inferior spectral efficiency and energy efficiency than its full-RF chain counterpart. In [24], the
authors discussed the concept of opportunistic multiuser diversity in a multiuser tvvg-w amplify
and forward (AF) relay channel. The relay is equipped with multiple antennas and aw e zero-

forcing beam-forming scheme, and it selects a set of two-way relaying user pairs i to increase

the DoF and the total throughput of the system. )\(&

1.3. Contributions

In [24], the channel-aligned pair scheduling (CAPS) algorithrﬁ&%sented in a two-way relay
to improve the spectral efficiency, such that the users wit ighest channel correlations are
selected. But, it does not imply that the selected useaﬁﬁe the highest spectrum efficiency.
In the proposed method, the pairs are selected g to the highest channel correlations.
However, to increase the efficiency of system, &pairs whose average rate, do not reach the
threshold rate, are removed, and another pa%placed. Further, beamforming is used to reduce
the interference and increase signal taginterference plus noise ratio (SINR). We maximize the
spectral efficiency, that is, beam . We present a solution for the optimization problem. We
evaluate the performance ang®¢ompare the spectral efficiency, energy efficiency, and outage
probability of the propose on with the CAPS algorithm.

Therefore, the contri of this study are as follows:
1) Introduci iuser two-way MIMO relay channel with K pairs of users
2) Utilizi @
3) Problem formulation to maximize of the spectral efficiency
forming extensive simulations for different parameters.
Tm of this paper is organized as follows. The system model is explained in Section Il. The

mforming to reduce the interference and increase SINR

proposed method is presented in Section Ill. Section IV provides numerical results and finally,
Section V concludes the paper.

Notations: Bold lower-case letter represents a vector and bold upper-case letter indicates a matrix.
The notationsAT, AH, AT, and Tr[A] show the transpose, Hermitian transpose, the pseudo inverse,

and the trace of a matrix A, respectively.



1. SYSTEM MODEL

Fig. 1 demonstrates a multiuser two-way relay channel, in which a half-duplex AF relay with M
(M = 2) antennas and 2K (K < M) single-antenna users make K two-way pairs. The relay
provides the coverage for connections and paired users have bidirectional communication through
the relay. Without loss of generality, it is assumed that the user w;, i = 1,...,K, is paired with the user
Ug4;- The transmission of two-way relaying is composed of two phases. The pairs transmit their
messages toward the relay in the first phase and the relay broadcasts the beam-formed signal %rd
them in the second phase. Since all users send their messages in one time slot, tHe,i rence

reduces the SINR. ‘Q\'

2.1. Channel Model

The signals transmitted in wireless channels are affected by path Ioss%ad channel power gain
(9). The M x 1 channel vector between the user u; and the M an'renn@the relay is denoted by h,;.

The components of these channel vectors are independent®andyidentically distributed (i.i.d.)

variables. The user u; sends the message x; with the fixWPs e, Ellx?1 =R, i =1,..K,

through its antenna in the first phase. The received (or received interference) in wireless

€Y
The channel gain in all communication paths has Rayleigh distribution with the scale parameter of
o. Its probability density function@ isds follows:

transmission, B., is calculated as follows: ( )
P = Pg@

b’ %ﬂ exp - ¢ hs 0
) =15z 2576 2)
& io else.
There are two tr@i;on phases and it is assumed that all channel coefficients remain constant

during bo s. In the following each phase is explained.

2.2. ase of Transmission

At the first phase of transmission, all transmitting users, u,...,u,g, send their messages to the
relay simultaneously. It should be mentioned there is no direct transmission link between pairs. The

received baseband signal vector at the relay antennas is expressed as [24]:

K
Ye =Z(hixi + Nk Xk )+ 0, r=12...M ®3)
i1



where n,. ~ CN(0,I) is an M X 1 complex noise vector at relay antennas where its elements are

i.i.d Gaussian variables with zero mean and unit variance.
2.3 Second Phase of Transmission

To reduce the inter-pair interference and increase the SINR of transmission, beamforming
matrices should be used at the relay node in the second phase. To obtain this matrix (W,.), first, the

power gains of the pair channels are normalized and placed in the matrix H ¢ [24] as follows
h. h.
H =1 4 1K j=1...,K ° (Q;)
T, \,O
H
H' = j=1..,K (50 (5)

]

where ||v;]| is the Euclidean norm of the vector v;. The normalized galr&; en placed inside the

matrix G as follows (b

G =[H,.... (6)

and the matrix W, is obtained as @Q

W, = pG (7)

where p is a constant value for all users tf&pends on the power gains of the channels. It is

calculated as follows [24] A
O v

= \/ trace[(GNH GT] ®)
Then, the beamforml x is calculated as [24]
W. = SWHW, (9
where S is obtal@Q)llows
C) - Jng: W R h* hT(\W\;c;)T + T\ (T e )T U (10)

Itis zerved that B depends on the transmission powers of the relay (B.) and source nodes (P,).

After that, the M x M beam-former W.,. is applied by the relay to the received signal, y,., and
then the vector W.,.y, is transmitted in the second phase. The signal received by the j-th pair user

in the second phase is given by:



Zj = h-}--Wryr + ”3 J — l----,K
= hT-W €4 - (h Xi+ i,k Xivx )+ N, —+ m (11
:h WhJ+KXJ+K+h! Wﬂ% Ay hIXI+hI+E |+EE+{]T 54453; n]
N

where [; is the inter-pair interference, u; ~ CN(0,1) is a zero mean unit-variance complex Gaussian

noise at the j-th pair.
The power consumption, P;,;4:, is calculated as follows: i O(b'
Pow =2MR + R (12)

where P; is the power of each user (same for all users) and B. is the power of r?gp
The SINR of each user is calculated as [24]: '\$

Ps hTth+ ? -
g = —nelh] HJK| i =1 Qv (13)

[ A +1 A

Since by selecting all available pairs to send, it is possi at the average pair rate does not

reach the minimum threshold rate, therefore, the chaice @ e couples is not only useless but also

the spectral efficiency will decrease. Spectral e (nsg) and energy efficiency (ngg) are

defined by the following formulas, respectiv

Nsej = |092(5+ 7 j=1....M (14)
\@,j TEL j=1..M (15)

total

where y; and P;ytq; Were defi@h Eq. (12) and Eq. (13), respectively. As we know, by increasing

the average rate of deI| ectral efficiency will also increase.

@Q

3.1. Pr(ge*n Statement

Ig?the proposed method, D2D pairs for transmission are selected according to the highest

channel correlations. We utilize beamforming to reduce interference and increase SINR. To this end,

2. Proposed Method

we formulate of the problem of maximizing the spectral efficiency.
3.2.  Problem Formulation

We formulate the spectral efficiency optimization problem as



M

max imize D e
=1

subjectto : Nse.i = Ruin @a7)
w,; e W,
where R,,;, denotes the minimum threshold rate of the downlink transmission. W,.is the set of

candidate beamforming codebook. The relay attempts to solve this problem to find the w, ; optimal

for the user equipment served. (b'

N

[ J
In this subsection, we utilize the diversity of channels to align the users in a pai»@ﬁat the inter-
pair interference is handled by beam formers applied at the relay. Users are d according to
the highest channel correlations. However, to increase the efficiency of the,system, those pair users

3.3. Proposed Solution

whose average rates are less than the threshold rate, are remove%ﬁ\'d another pair of users is
L ]
replaced. The solution is summarized in algorithm 1. The char@ I

a pair is calculated as follows. Q
__|hi'hy] @

ation between the users of

v, = 1 K] ° ¥y K (18)
L 1wy

Then, starting from the largest channel cor

order and then are placed inside the matrix, V, €.,

regv; } ji=1...,.M (19)
Next, we select the first M pa@ers from the vector V and form the vector y as

&@ v =V(J) j=1....M (20)

Considering th R definition in (13), it is observed that if the alignment of the channels
within a pair i i@g, then the inter-pair interference power |1]-|2 would be a serious problem in
the user 1} ughput at high SINR. As a result, the relay beam former W,. cannot reduce the
inte . To this end, we calculate the average rate of pair users and compare with the threshold
ratemers of the pair whose average rate is higher than the threshold rate, are selected R ;. ,

that is,

hSE,j = |ng(1+ gj) : Rmin’ j=1...,.M (21)



If the average rate of each pair of users is lower than the threshold rate, that pair is removed and
the next pair is replaced. This trend continues until the rate of all users becomes higher than the
threshold rate.

The outage probability of a communication channel is the probability that a given information
rate is not supported, because of variable channel capacity. It also is defined as the probability that
information rate is less than the required threshold the information rate. The outage probability is

calculated as follows

Pourj = Pr(1og; (1+7; ) < Ruin ) j=1...M . O‘bz'z)

3.4. Computational Complexity

.@,

plexity of correlation

Nothing that the number of users is 2K, the computational complexity of orithm depends
on the number of iterations until the convergence. It is of O(K?). The @
calculations for the scenario is of 0(4K?J), since the numeratog of ehannel correlations, Eq. (18),
requires (J) complex multiplications and in the denominator, tional complexity for norm
calculations and single values multiplications were negl %6]. If the proposed algorithm,

converges in (1) iterations, the computational complexit@ r solution will be as
Complexity = 41@ 21K) (23)

when the number of users increases, the size of the beamforming matrix increases. Since the number

of channels between pairs increases, a number of our checks for correlation between channels

and SINR increases, thus the :omp nal complexity increases.

proposed solution

Algorithm 1. Pseudo-cod&
i=1toK &
: Calculate: the prablem in Eq. (18)
> Solve: Rearra@&osen pairs from the largest correlation

1

2

3

4: If feasipleNget ; = Ry, that pair is selected
oy

6

: . that'pair is removed and the next pair is replaced
: Répeat:

4. Performance Evaluation

In this section, we present numerical results to evaluate the performance in terms of outage
probability, spectral efficiency, and energy efficiency for different parameters. The parameters

setting for the network is selected according to the LTE instructions, provided in Table 1.



4.1. Outage Probability

Fig. 2 shows the outage probability for different numbers of users and antennas, as well as the
minimum required rates. Multiple transmit antennas increase the ergodic and outage capacity of
wireless systems. It is mentioned that the outage probability is directly related to the spectral
efficiency. With a fixed threshold rate, when the number of users is small, the outage probability
increases by increasing the number of antennas. Because it is possible to select the users whose
average information rate is lower than the threshold rate. But as the number of users as wellds,the
number of antennas increases, the outage probability decreases. It is also observed that by nc%‘g
the number of antennas, the outage probability reduces since it results in a more reliw between

the transmitter and receiver. (b

4.2.  Spectral Efficiency and Energy Efficiency

Fig. 3 and Fig. 4 respectively demonstrate the spectral efficien d energy efficiency of the

proposed method versus different numbers of antennas, users old rates, respectively. The

solution was obtained by searching over all possible sets of f users and transmission powers.
It is observed that the results of energy efficiency sur\@e results of spectral efficiency curves.
Increasing the number of antennas increases both | efficiency and power consumption. But,
the increase in power consumption is more se in spectral efficiency; therefore, according
to (15), energy efficiency decreases.

It is observed from Fig. 3, as the n of antennas increases, the spectral efficiency increases.
In this case, the outage propability decreases. But when the number of users increases, the
beamforming matrix vector i@ses, resulting in an increased SINR. Since spectral efficiency is
directly related to SIN ectral efficiency also increases. Moreover, in Fig. 3, by increasing the
interest threshold rat Kz\ral efficiency decreases.

Fig. 4 show Qrgy efficiency for different threshold rates. Since the total power of the
system is reldted)to the number of antennas, when the number of antennas increases, the total power
increases@l as a result energy efficiency decreases. When the number of users increases, spectral
effi increases, and because energy efficiency and spectral efficiency are directly related,

energy efficiency also increases.
4.3.  Comparison of the proposed method with other methods

In [23], pairs of users with the highest channel correlations are selected. Since it is possible to
select the pair users whose average rates are lower than the threshold rate, so the efficiency may
decrease. As shown in Fig. 5, the proposed method performs much better.

The comparative analysis in Fig. 6 demonstrates that our proposed joint user selection and

10



beamforming algorithm outperforms the method presented in [19]. Under identical simulation
settings (200 users, 64-antenna relay, SNR=20 dB). Our solution achieves a 22.7% higher average
spectral efficiency (4.35 vs. 3.54 bps/Hz) while reducing the outage probability by 63% (0.09 vs.
0.24) at the target rate of 1.5 bps/Hz. This improvement stems from our novel three-stage approach:
(a) correlation-aware user pairing that minimizes interference, (b) adaptive beamforming that
maximizes signal-to-leakage ratio, and (c) dynamic replacement of underperforming pairs using
predicted channel coherence. The performance gap widens with network density - at 300

where our method maintains 83% QoS compliance versus just 41% for the basellne (&ts
superior scalability for massive D2D deployments.

The comparative results in Fig. 7 clearly demonstrate the superiority of our d algorithm
over the method of [20] under identical simulation conditions (200 users, 64-afenna relay, 20dB
SNR). Our solution achieves a 28.4% improvement in spectral eﬁicie&h vs. 3.99 bps/Hz)
while simultaneously reducing the outage probability by 58%, (0 s. 0.17) at the target rate
threshold of 1.8 bps/Hz. These significant gains are attributed t ovative two-phase approach:
(a) intelligent channel-aware user pairing that optimizes s@}dwersﬂy, (b) adaptive regularized
beamforming that dynamically balances mterferencevsu ion and signal enhancement.

Fig. 8 shows the effect of large K and M on the @%ﬁance of the proposed method. We observe
that:

nditions and higher gains, thereby improving spectral

a) As the number of users increases, the x‘steg gains more channel selection diversity, allowing it

to choose user pairs with better %
efficiency.

b) Increasing relay antennas @vces spatial multiplexing and beamforming precision, reducing
interference and ena% ore efficient simultaneous transmission, which boosts spectral
efficiency.

c) Combined eff, 91 factors work cooperatively —more users provide better channel options,
while more @nnas enable superior interference management, maximizing overall spectral

efficienc

5. CONCLUSION

In two-way relay networks, spectral efficiency degrades as the number of interfering users grows.
To mitigate this, we propose a beamforming and user selection strategy when user pairs exceed
available antennas, optimizing spectral efficiency to maximize the system’s achievable sum rate.
Our method prioritizes D2D user pairs with the highest channel gain correlation while dynamically
replacing underperforming pairs that fall below a target rate threshold. Simulations demonstrate that

increasing antenna count reduces outage probability and enhances spectral efficiency for dense
11



networks, albeit at the cost of lower energy efficiency due to higher power consumption. Conversely,

in sparse networks, more antennas expand selection options but may increase outage probability if

chosen users fail to meet the rate threshold. Additionally, raising the efficiency threshold rate

inversely affects spectral efficiency and outage performance. The proposed method shows

significant gain over other methods.
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TABLE 1. PARAMETERS USED IN SIMULATIONS [23]

Parameter Value
number of users, 2K Min: 10, Max: 50
Number of antennas, M Min: 2, Max: 5
user transmittal power, P, 30 dBm
Relay transmittal power, P, Min: 20 dBm, Max: 43 dBm

/9 D
Threshold rate, R,,;,, Min: 1.5 bits/sec/Hz, Max: 5 bits/sec/Hz 0\

.\z
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