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ABSTRACT Exploiting the millimeter wave (mmWave) band is an attractive solution to accommodate
the bandwidth-intensive applications in device-to-device (D2D) communications. The directional nature of
communications at mmWave frequencies and mobility of devices require beam alignment at both transmitter
and receiver ends. The beam alignment signaling overhead leads to a loss in the network’s throughput.
There exists a trade-off between antenna beamwidth and the achievable throughput. Although a narrower
antenna beam increases the directivity gain, it leads to a higher signaling overhead and less stable D2D
links which reduce the network’s throughput. Therefore, optimizing the antenna beamwidth is crucial
to maintain the D2D users’ quality-of-experience (QoE). In this paper, we propose a novel distributed
antenna beamwidth optimization algorithm based on multi-agent deep reinforcement learning. We model
D2D links as agents that interact with the communication environment concurrently and learn to refine
their antenna beamwidth policies. Agents aim to maximize the network sum-throughput and maintain
reliable communication links while taking into account the application-specific quality-of-service (QoS)
requirements and the cost associated with beam alignment. Online deployment of the proposed algorithm is
distributed and does not require any coordination among users. The performance of the proposed antenna
beamwidth optimization algorithm is compared with other widely used baseline algorithms. Numerical
results show that our proposed algorithm improves the network performance significantly and outperforms
existing approaches.

INDEX TERMS Device-to-device, nmWave, antenna beamwidth optimization, multi-agent, deep reinforce-

ment learning.

I. INTRODUCTION

Device-to-device (D2D) communication allows user equip-
ments (UEs) to communicate over direct links rather than
traversing the cellular infrastructure. D2D communication is
envisioned to improve the network’s performance by offload-
ing the cellular network and providing ubiquitous coverage
for commercial, public safety and critical communication
applications [1]. However, implementation of D2D commu-
nication is limited mainly due to spectrum scarcity in the
sub-6 GHz band. Exploiting the abundant unlicensed spec-
trum in the millimeter-wave (mmWave) band for D2D com-
munications is seen as an attractive solution to addressing the
spectrum scarcity bottleneck [2].
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Radio propagation at mmWave band encounters sev-
eral obstacles such as severe path-loss and sensitivity to
blockages [3]. The small wavelength of mmWave signals,
however, facilitates the implementation of large directional
and high-gain antenna arrays on D2D devices, which helps
to compensate for additional path-loss [3]. This, in turn,
introduces a new challenge to D2D communications. Achiev-
ing the maximum directivity gain in a highly directional
mmWave band system requires the transmitters and receivers
to be aligned. Beam alignment incurs significant signal-
ing overhead to the system, which reduces the network’s
throughput significantly. There exists a trade-off between
antenna beamwidth and achievable throughput [4]. Selecting
a narrower antenna beam, although leads to higher antenna
gain, incurs longer beam alignment overhead and reduces
the link stability time. Therefore, one needs to optimize the
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antenna beamwidth prior to data transmission to maximize
the network’s sum-throughput and maintain users’ quality-
of-experience (QoE). Modeling the antenna beamwidth opti-
mization problem and finding a systematic algorithm to reach
the optimal solution is even more challenging in the D2D
environment as the mobility of the devices and the diverse
quality of service (QoS) requirements, make network topol-
ogy highly dynamic. In this paper, we focus on the antenna
beamwidth optimization problem in a mmWave D2D net-
work where D2D UEs optimize their antenna beamwidth
based on their context information to maximize the network
sum-throughput and to maintain reliable D2D links.

Despite the recent advances in antenna beamwidth tun-
ing technologies [5] and the significant impact of antenna
beamwidth optimization on network performance [6], it is a
fairly unexplored research area. There exist few studies in
the literature that discuss antenna beamwidth optimization
[6]-[10]. Nevertheless, most of the existing works suffer from
several limitations that make them inappropriate for D2D
communications. For example, works in [6]-[11] are central-
ized and computationally expensive, [6]-[8], [10] increase
the communication overhead significantly and [9], [10] are
not robust against changes in the network topology, thus,
cannot be applied to the D2D communication framework.

Compared with those methods, deep reinforcement learn-
ing (DRL) based algorithms present the most promising
mechanisms to tackle complex optimization problems in
communication networks. DRL enables an agent to make
complex on-line decisions in dynamic and uncertain envi-
ronments, given only sequences of observations and rewards
without increasing the overall system overhead. However,
existing DRL-based techniques such as [12], [13] imple-
ment an independent Q-learning (IQL) approach [14] through
which each agent learns a policy based on its actions
and observations and treats other agents as a part of the
environment. Nevertheless, multi-agent environments are
non-stationary since agents are learning and updating their
policies concurrently [15]. Therefore, implementing IQL is
not suitable for addressing multi-agent domains as it causes
an agent’s locally optimal action to become a globally
non-optimal joint action [16]. In addition, non-stationarity
introduced by IQL also inhibits exploiting experience replay,
which is crucial in speeding up and stabilizing the DRL train-
ing process. Therefore, addressing the antenna beamwidth
optimization problem using a distributed and low-overhead
DRL-based algorithm while considering the non-stationarity
of the multi-agent environment is a paramount problem that
is lacking in the literature.

In this paper, our goal is to maximize the network
sum-throughput through optimizing D2D UEs’ antenna
beamwidth. The interaction among D2D UEs along with
the mobility of UEs and various D2D applications’ QoS
requirements, make antenna beamwidth optimization a
challenging problem. Since ignoring user interactions and
non-stationarity of the environment leads to non-optimal
solutions, we model the beamwidth optimization problem
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as a multi-agent problem and exploit the recent progress
of multi-agent DRL to develop a distributed antenna
beamwidth optimization algorithm. The proposed algorithm
enables D2D UEs to maximize the network’s sum-throughput
while maintaining reliable communication links to support
various D2D commercial and public safety applications.
The proposed algorithm considers mmWave propagation
characteristics, directional communication, D2D users’
mobility, payload size, QoS requirements, and achievable
throughput versus antenna beamwidth trade-off, simultane-
ously. The main contributions are summarized as follows:

o We proposed a multi-agent DRL-based antenna
beamwidth optimization algorithm to maximize the
network sum-throughput. In addition, the D2D UEs
joint antenna beamwidth policy maintains the reliability
of the D2D links by assuring that D2D links transmit
their payload successfully in the required time budget.
The proposed algorithm has two phases: training and
decentralized deployment. The training phase is per-
formed offline, under different network topologies using
a shared reward function. The training algorithm enables
distributed agents to optimize their antenna beamwidth
during the online implementation without requiring any
inter-agent communications.

« We modeled the antenna beamwidth optimization prob-
lem as a cooperative multi-agent DRL; since implement-
ing IQL does not guarantee convergence to an efficient
joint solution. Fingerprint-based learning [17] is imple-
mented to enable agents to track their fellow agents’
policies and reach the optimal joint action solution.
Using fingerprint learning facilitates experience replay
which expedites and stabilizes the training phase of the
multi-agent DRL-based antenna beamwidth optimiza-
tion algorithm.

o The performance of the proposed algorithm is com-
pared with the existing methods such as IQL [12], [13],
random antenna beamwidth selection [18], and con-
stant antenna beamwidth selection [19]. The simulation
results show that our proposed algorithm outperforms
other existing methods and improves the network
sum-throughput and D2D links’ reliability significantly.

The remainder of this paper is organized as follows.

Section II reviews the relevant related work. The system
model and assumptions along with network sum-throughput
maximization problem formulation are described in
Section III. A novel distributed antenna beamwidth optimiza-
tion algorithm based on multi-agent DRL for solving the
network sum-throughput maximization problem is proposed
in Section IV. Simulation results are presented in Section V
and finally, conclusions and the future work directions are
discussed in Section VI.

Il. RELATED WORK

Directional transmissions are used in the mmWave band to
compensate for the high path-loss [3]. Therefore, beam align-
ment must be implemented at the transmitter and receiver
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TABLE 1. Comparison with relevant schemes.

Proposed alg. | [6] | [7] | [8] | [9] | [11] | [10] | [12] | [13]
Distributed deployment v X X X X X X v v
Low overhead v X X X v X v v v
Robust against network changes v vV I V|V X X v v v
Facilitate experience replay v X X X X X X X X
Joint optimal solution v X X X X X X X X

ends in order to establish high-throughput physical links.
Beam alignment between transceivers requires sending and
receiving multiple pilot signals [4], which reduces the D2D
links’ throughput as D2D transceivers cannot transmit data
during the beam alignment phase. Although reducing antenna
beamwidth increases the directivity gain, it requires longer
beam alignment overhead and is more prone to misalignment.
Therefore, it is necessary to optimize antenna beamwidth
according to D2D UEs context information. Despite its
importance, antenna beamwidth optimization has yet to be
explored properly. Existing antenna beamwidth optimization
techniques can be categorized into the following groups:
particle swarm optimization [6]-[8], dynamic program-
ming [9], non-linear programming [10], deep learning [11],
and DRL-based methods [12], [13].

The particle swarm optimization (PSO) algorithm is used
in [6], [7] for improving system throughput of a vehicular
communication network and a relaying small-cell network.
In addition, the PSO algorithm is used in [8] for interference
management in the D2D network by proposing a device
association and beamwidth selection. Beam management
is performed in [9] with the goal of maximizing network
throughput using backward dynamic programming. A frame-
work is proposed in [10] to simultaneously control the trans-
mission power and the beam-level beamwidths of indoor
mmWave transceivers to maximize the energy efficiency of
the network using non-linear programming. In [11], a deep
learning-based beam management and interference coordina-
tion (BM-IC) is proposed to maximize the sum-rate of a dense
mmWave network. These techniques cannot be applied to
mmWave band D2D networks since they suffer from several
limitations. First, existing techniques such as [6]-[11] are
centralized and computationally expensive as they require an
online central controller to optimize the antenna beamwidth,
thus, cannot be applied to the D2D communication frame-
work. Moreover, most of the existing techniques such as
[6]-[8], [10] require coordination and information exchange
among network entities, which increases the communication
overhead significantly and makes these approaches not scal-
able. Furthermore, existing techniques such as [9], [10] are
not robust against changes in the network topology, where
the dynamicity of the network entities can negatively impact
the system performance.

Recently, reinforcement learning (RL) is shown to be a
useful tool to tackle several complex optimization problems
in communication networks [20] such as dynamic spectrum
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access [21] and resource allocation [22]. However, the learn-
ing process in RL is time-consuming. DRL takes advantage of
multi-layer neural networks to expedite the learning process,
thereby improving the learning speed and the performance of
RL algorithms. A DRL-based approach is proposed in [12]
that simultaneously optimizes beamwidth and transmit power
of transceivers in the network. A self-tuning sectorization
algorithm is proposed in [13] that optimizes base station
MIMO broadcast beams for each cell. The authors in [23]
addressed the problem of optimizing relay selection and
antenna power allocation using a centralized hierarchical
DRL algorithm. However, these works implement an IQL
approach through which each agent learns a policy based on
its actions and observations and treats other agents as a part of
the environment. Using IQL causes an agent’s locally optimal
actions to become a globally non-optimal joint action [16].
Non-stationarity introduce by IQL also inhibit exploiting
experience replay, which is crucial in speeding up the DRL
training process.

Therefore, addressing the antenna beamwidth optimiza-
tion problem using a decentralized and low-overhead DRL
algorithm that considers user interactions and environment
non-stationarity is lacking in the literature. To address these
gaps, we propose a novel distributed antenna beamwidth
optimization algorithm based on multi-agent DRL. Unlike
[6]-[11], the proposed algorithm is decentralized, low-
overhead, and robust to changes in the network topology.
In addition, our proposed algorithm implements fingerprint
learning to consider the interaction among users and the
non-stationarity of the environment. Therefore, the proposed
algorithm reaches an efficient joint solution unlike [12], [13].
Moreover, experience replay is facilitated through finger-
print learning to expedite the learning process significantly.
Our goal is to maximize the D2D network’s sum-throughput
and maintain reliable communication links while taking into
account the application-specific QoS and the cost associ-
ated with beam alignment. Table 1 compares the proposed
antenna beamwidth optimization algorithm with other rele-
vant schemes.

Ill. SYSTEM MODEL AND PROBLEM FORMULATION

This section describes the system model for mmWave D2D
network and introduces the main elements that impact the
antenna beamwidth policies. In addition, we formulate the
network sum-throughput optimization and the D2D link reli-
ability problem.
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TABLE 2. Summary of notations.

Symbol Description Symbol Description

o Set of D2D links and reliable D2D links. C,« Path-loss intercept and exponent.

0, ¢ Antenna angle, antenna beamwidth. G,g Antenna Main-lobe and side-lobe.

TZA, Tp Beam alignment time, pilot transmission time. Vi, Relative speed and angle of DT m, DR n.

Apg, Misalignment angle and misalignment threshold. Tls, P Link stability time, sector-level beamwidth.

Al Beam management parameter. n Impact of beam alignment overhead.

AT Time slot duration. AT Effective time slot duration.

G7, Gf D2D receiver and transmitter antenna gain. ti, Data throughput.

B Blockage parameter. q (k) The remaining payload at beginning of time slot k.

41 (k) Transmitted payload during time slot k. T, B, Time budget and payload.

P Joint antenna beamwidth policy. I D2D link reliability.

Nmax Number of time slots in a episode. I Received interference on link [.

T2 (k), Ti (k) The remaining link stability time and time budget. rs(k) Shared reward function.

e, € Episode number and exploration rate. r Network’s link reliability1.
A. NETWORK TOPOLOGY h 20281000) and 2¢ i

. where p > and 2¢ is the antenna half-power

We consider a network of mobile UEs that communi- beamwidth. 6 denotes the antenna angle relative to the
cate through D2D links established at the mmWave fre- antenna’s bore-sight direction. G,,, = % and Gy =

quency band operating under time division duplexing (TDD).
A co-channel deployment with bandwidth W, uniform trans-
mit power, and half-duplex mode are assumed. Let £ =
{1, ..., L} denotes the set of D2D links in the network where
each D2D link comprises a D2D transmitter and a D2D
receiver. In this scenario, D2D links are already established
using peer association mechanisms such as [24], [25]. Also,
all D2D transmitters have a payload in their buffer B; that
must be transmitted in a limited time budget 7; according
to their application’s QoS requirement. D2D users move at
variable speeds and directions.

B. D2D CHANNEL MODELING

To model the mmWave channel, the distance-dependent
path-loss model for peer-to-peer communication proposed
in [26] is adopted. Under this model the path-loss is defined as
PL(d)) = Cdf"‘, where C denotes the path-loss intercept, « is
the path-loss exponent, and d; represents D2D link length of a
given D2D link / € £. Each communication link experiences
i.i.d small-scale Nakagami fading with parameter Nj. Hence,
the received signal power can be modeled as gamma random
variable with parameter, h; ~ I'(Np, 1/Np).

C. ANTENNA PATTERN
We assume that each D2D UE is equipped with a directional
antenna and is enabled to rotate its antenna bore-sight toward
the desired direction with a simple rotation around its loca-
tion. Each D2D transceiver can pick a beamwidth from the set
of its available beamwidths, ®;. Without loss of generality,
we assume that D2D transceivers on a given link / adopt the
same antenna beamwidth. This case can be extended to the
case that D2D users implement different strategies.

The directional antenna pattern is modeled using the Gaus-
sian antenna model as

Gue "%, 10| < o,

G@O) = .
G, otherwise,

ey
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1072928G,, are the maximum main-lobe gain and the
side-lobe gain, respectively [27].

D. BEAM ALIGNMENT OVERHEAD

Achieving the maximum antenna gain in a highly directional
mmWave band system requires the transceivers to be pre-
cisely aligned by finding the best transmit and receive antenna
directions. Beam alignment between transceivers requires
sending and receiving multiple pilot signals. In this work,
the hierarchical beam alignment method is considered, where
first the best wide-beam pair is found through an exhaustive
search, and then the search is refined using a narrower beam
level within the subspace of the best wide-beam pair [28].
Assuming the antenna wide-beam pairs are already aligned,
the narrow-beam alignment time [4] can be written as

2
Th = [ﬂ] T, @)
2

in which y; and ¢; denote the wide- and narrow- level
beamwidth of D2D transceivers on link /. 7Tp represents the
pilot signal transmission time.

E. LINK STABILITY TIME
A D2D link is stable and appropriate for data transmission
as long as its D2D transmitter and receiver antennas stay
aligned. Misalignment in directional communication, due to
the users’ mobility, occurs when the received power cause
drops less than a certain ratio, denoted by « € [0, 1].
Consider D2D link / that its receiver and transmitter are
located at point A and B, respectively, as shown in Figure 1.
Assume that the transceivers antenna beams are aligned and
the antenna main-lobe direction is fixed. Also, the receiver
is moving with relative velocity V; in the direction of the
relative angle of pu; (with respect to its antenna bore-sight
direction). Since the bore-sight angle of D2D transceivers
is fixed, the movement will cause beam misalignment. The
pointing error of the D2D receiver toward its transmitter,
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FIGURE 1. The blue triangle represents D2D receiver located at point A
and red circle represents D2D transmitter located at point B. The green
arrow shows the relative trajectory of D2D receiver.

At seconds later, denoted by A, can be obtained using the
law of sines in triangle ABA’ as

sin(Ap)  sin(uy)
VAt - d
where d; denotes the D2D links distance. Note that although
receiver movement changes the distance d;, the impact of
distance difference is neglected and only the impact of
movement on the angular difference is considered. Also,
we assume that VAt < d;. For small Au;, we estimate
sin(Au;) >~ Ay, therefore,

Vi At sin(ug)
Apy > — 3
I
Based on the definition, the link is stable if the relative

antenna gain at the receiver is above a certain ratio, « € [0, 1].
_ GO =Am) _
GO =0)

Using (3) and (4) the link stability time, denoted by T,ﬁ
can be written as

TS _ dl‘ﬂl ln(é) (5)
L7 vysin(u) | 2.028In(10)°

It can be seen that higher antenna beamwidth and lower
gain threshold increase the link stability time. Moreover,
lower relative speed guarantees D2D links to be stable for
longer.

—pAu? ) 4)

1

F. PROBLEM FORMULATION

The beam misalignment of D2D transceivers caused by
the relative movements of UEs, or availability of payload
with different QoS requirements entail D2D UEs to perform
beam management including beam alignment and antenna
beamwidth optimization to maintain or improve their QoE.
We consider the time-slotted communication framework with
a slot duration of At, as shown in Figure 2. D2D UEs are
allowed to perform beam management at the beginning of
each time slot. Beam management is triggered upon antenna
misalignment, availability of new payload in the D2D trans-
mitter’s queue, or change in the QoS requirements. Beam
alignment leads to a loss in D2D links’ throughput due
to the time consumed to align transceivers’ antenna beam,
as explained in Section III-D. In other words, there exists
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a trade-off between antenna beamwidth and the D2D links’
throughput. Selecting a narrower antenna beam leads to
higher antenna gain based on (1), but it incurs higher beam
alignment overhead as per (2). Consequently, the narrower
antenna beam reduces the data transmission time and D2D
links’ throughput. Also, narrow antenna beams are less stable
and more prone to misalignment according to (5). Therefore,
to maintain the QoE (D2D link reliability) and increase the
network’s sum-throughput, D2D transceivers are required to
optimize their antenna beamwidth according to the network
conditions and context information.

The throughput on a given D2D link / with bandwidth W
during time slot k can be defined as

n(k) = (1 = 2 (k)mW log, (1 + SINR)) (6)

where A;(k) is the beam alignment parameter, A;(k) = 1
indicates that beam alignment is performed at time slot k£ and
A

(k) = 0, otherwise.! n= % captures the impact of beam
alignment overhead, where At’ represent the effective time
slot duration for payload transmission (Figure 2). Since D2D
transceivers are not allowed to transmit data on unstable D2D
links, the effective time slot duration for payload transmission
is defined as the minimum of link stability time and maximum
allowed time slot duration, i.e., AT = min(TS, AT).

The achieved signal-to-noise-plus-interference-ratio
(SINR) on D2D link / can be written as

PG (0 G} (6)PL(d))
S PGL(6)hiG}(@)PL(d)) + o2
jeL
#

SINR, =

where P represents the transmit power, Gj(6;]), Gf(@l) and
are the D2D receiver and transmitter antenna gain on link /,
respectively. The leftmost term in the denominator represents
the aggregated received interference at the receiver of link /
from all other D2D transmitters, and o2 denotes the noise
power. We assumed that duration of a time slot is shorter than
channel coherence time. Therefore, the channel is considered
non-varying during a time slot.

Let g;(k + 1) be the remaining payload of D2D transmitter
on link / at the beginning of time slot k + 1 and is defined as

qitk + 1) = qi(k) — 81(k), @)

where §;(k) = 1;(k) * At’ denotes the amount of payload that
is transmitted during time slot k. QoS constraint of the D2D
link / is modeled as a limited time budget 7; through which
the D2D payload B; must be transmitted. The reliability of
the D2D link /, as the measure of QoE of users, is defined
as the ratio of the transmitted payload during time budget
T; = N; At with N; time slots and can be written as

1
= — 81 (k 8
i Blkg(:)l() (8)

! Antenna beam alignment optimization is not the focus of this work.
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At
T .

Beam
alignment

Time-Slot #2

Time-Slot #N

<—TlA —_

AT’

FIGURE 2. Time-slotted communication. Beam alignment can be performed in the
beginning of each time-slot if necessary. Tls . TIA, A7’ represent link stability time, beam
alignment time, and effective time-slot duration, respectively.

The problem we are addressing in this work can be for-
mulated as designing an antenna beamwidth selection policy
such that it maximizes the network sum-throughput as

N;
.. 1
Max(lbmlze AT Z Z 81(k) (9a)
lel k=0
. 2 2 TP
subject to: ¢ > V; A VieLl, (9b)
o <Y, VleLl, (90)

where ® = {¢1,..., ¢} is the joint antenna beamwidth
selection policy of D2D links. Constraint (9b) represents the
lower band of feasible antenna beamwidth, and it holds since
beam alignment time must be less than the effective time slot
duration, i.e., TIA < A7’. Constraint (9¢) shows the antenna
beamwidth upper bound.

The optimization problem (9) is difficult to solve ana-
lytically and is computationally hard due to the interac-
tion among D2D links, especially in the D2D environment,
which requires low-overhead distributed solutions. In this
paper, we propose a solution based on multi-agent deep
reinforcement learning to tackle this problem. The proposed
framework considers the non-stationarity of the multi-agent
environment and the interaction among users. Our goal is to
enable D2D UEs to learn a joint antenna beamwidth opti-
mization policy that maximizes the network sum-throughput
in various network dynamics, only based on its local obser-
vation without online coordination or exchanging messages.
Moreover, the reliability of the antenna beamwidth optimiza-
tion policy is required to be assessed to assure that under such
policy all D2D links’ payloads are successfully transmitted,
Iy>1,vViel.

IV. PROPOSED SOLUTION USING MULTI-AGENT DEEP
REINFORCEMENT LEARNING

In this section, we describe the proposed solution to solve
the network sum-throughput maximization problem through
optimizing D2D UEs’ antenna beamwidth in a mmWave
D2D dynamic environment using cooperative multi-agent
DRL. First, we explain the multi-agent DRL framework,
where multiple agents interact in a common environment,
take an action and try to learn a policy to maximize their
shared reward. Then, we explain the details of the proposed
antenna beamwidth optimization algorithm. The proposed
algorithm is based on the multi-agent DRL framework and
is used to solve the optimization problem (9). We define the
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states, actions, and rewards in the mmWave D2D multi-agent
environment.

A. BACKGROUND ON MULTI-AGENT DEEP
REINFORCEMENT LEARNING AND Q-LEARNING
A cooperative multi-agent DRL framework is a setting
where agents concurrently interact with a shared environ-
ment and learn to coordinate together to achieve a com-
mon objective [29]. Agents interact with the environment
according to partially observable (PO) Markov decision pro-
cesses (MDP) (POMDP). In POMDP the system dynamics
are determined by an MDP, but the agent cannot directly
observe the underlying state. An POMDP is defined as tuple
(L,8,U,T,R, Z,0), in which L is the set of agents, S
denotes the state space, Y = XU is the joint action
space, Z = XxZ; is joint observation space. Each agent
executes an action u; € U; based on its policy m;, form-
ing a joint action u that make the current state s € S
transit to § with the probability of 7 (s, u,5). Agents in
partially-observable environment receive observations of the
latent state, denoted as z; with the joint observation proba-
bility of O(z, 5, u), where z = (z1, ..., zz). Consequently,
at each time-step k, agents receive a shared reward r(k) =
R(s(k),u(k)). Agents aim to maximize the expected dis-
counted return R(k) = Zf]: o 7'r(t + k + 1) with horizon
H, where y € [0, 1) is the discount factor, by finding the
optimal policy 7. Q-Learning [30] is used to find the best
policy by estimating the Q-values of policies Q7 (z, u;) =
E; [R(k)|z(k) = z;, u(k) = w;]. In multi-agent DRL, agents
interact with the environment without explicit knowledge
of POMDP model. Due to partial observability and local
non-stationarity of POMDP, learning the underlying POMDP
model is complicated. Therefore, agents instead of learning
functions 7, R and O, directly learn Q-values or policies.
Q-learning iteratively estimates the optimal Q-value func-
tion using backups. The optimal policy 7* maximizes the
Q-value function, Qf*(zl,ul) = max, Qi(z, u;). Deep
Q-learning uses a deep neural network, known as deep Q
network (DQN) parameterized by 6;, O(z;, u;; 6;), to estimate
Q-values. DQN relies on experience replay to accelerate and
stabilize the training process. During training, actions are
chosen according to e-greedy policy that selects the currently
estimated best action with probability 1 — ¢, and takes a
random exploratory action with probability €. Each agents’
experience including current observation, action, reward and
next observation as tuple (z;(k), u;(k), ri(k), zj(k + 1)) is
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stored in its replay memory. Replay memory is a first-in-
first-out queue containing the set of latest experience tuples.
The parameters 6; are iteratively updated using stochastic
gradient descent (SGD) by sampling batches of b expe-
riences from the replay memory to minimize the squared
temporal-difference (TD) error:
b 2
Loy =Y P - or et upion]

i=1

with a target leQN = r;(k) + y max, OF (z;’(k +D,u;6,)
where 6, are the parameters of a target network periodically
copied from 6; and kept constant for a number of iterations.
The replay memory stabilizes learning, prevents the network
from overfitting to recent experiences, and improves sample
efficiency.

The widely used approach to solve multi-agent DRL is
Independent Q-learning (IQL) [14], where each agent learns
its DQN parameters only based on its observations and
actions while treating other agents as a part of the environ-
ment. However, since all agents are learning and affecting the
environment simultaneously, using IQL makes the environ-
ment non-stationary from the perspective of any individual
agent. Non-stationarity and local observability of multi-agent
environments cause locally optimal action to become globally
non-optimal joint action [16]. In addition, the non-stationary
nature of the environment makes the experience replay mem-
ory samples obsolete and negatively impacts the training
performance [17].

The non-stationarity can be resolved if agents’ observa-
tion state is augmented with an estimate of other agents’
policies. One possible solution is augmenting each agent’s
observation space with its fellow agents’ DQN parameters.
However, this method is intractable in practice since a large
number of DQN parameters complicates the learning process.
Also, sharing and updating DQN parameters among agents
increases the signaling overhead significantly that conse-
quently reduces the D2D links’ throughput. To overcome
this problem, low-dimensional estimates (i.e., fingerprints) of
other agents’ policies can be added to agents’ experience [17].
It is shown that augmenting the agents’ experience tuple with
fingerprints, including the training iteration number e and
exploration rate € disambiguates the age of training samples
and stabilizes the replay memory significantly. Recently, this
method has been used to address the non-stationarity of
the environment in multi-agent wireless networks, such as
spectrum sharing [31] and dynamic power allocation [32].
In this work, we use fingerprint-based learning to address the
non-stationarity of the mmWave D2D environment.

B. PROPOSED FRAMEWORK

We model the D2D framework in Section III as POMDP
and propose an beamwidth optimization algorithm based
on the multi-agent DRL framework to enable D2D UEs to
solve the optimization problem in (9a)-(9¢). In this frame-
work, the set of D2D links £ are modeled as agents that
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are assigned with a common objective of maximizing the
network sum-throughput. D2D links interact with the com-
munication environment to gain experience which enables
them to learn the optimal joint antenna beamwidth policy.
The proposed framework has two phases, centralized training
and distributed deployment. Each D2D link has a DQN that
must be trained. During the training phase, each D2D link
takes an action (selecting an antenna beamwidth) based on
its observation and receives a shared reward from the envi-
ronment which directs it toward learning the optimal policy
through training its DQN. During the deployment phase, D2D
links select an antenna beamwidth based on their observation
using their trained DQN, without online coordination or mes-
sage exchange. The schematic of the proposed framework is
shown in Figure 3.

1) TRAINING PHASE

Since the optimal antenna beamwidth selection policy is
unknown to the D2D links at the beginning of the training
process, we consider the training process to be an episodic
DRL where learning is a continuing task over a time horizon
of T = NmaxAt. D2D links’ DQN are trained through
running multiple episodes. At the beginning of each training
episode, the environment parameters are randomly initial-
ized including D2D UEs velocity, the direction of movement
and antenna main lobe direction and beamwidth. Also, D2D
transmitters are loaded with a payload that lasts until the end
of the episode. Algorithm 1 presents the proposed offline
antenna beamwidth selection training algorithm.

At the beginning of each time slot, if payload exists for
transmission, g(k) > 0, D2D transmitter and receiver on
each established D2D link examines the antenna alignment.
If beam alignment is required (i.e., the transceivers’ anten-
nas are misaligned), D2D UEs on each link must select an
antenna beamwidth and perform beam alignment, A(k) = 1.
Otherwise, D2D UEs stick to their previous policy A(k) = 0,
and the D2D transmitter continues to transmit its payload
(lines 5-13).

a: ACTIONS AND oBSERVATIONS

D2D transmitter and receiver on each established D2D link
select an action, i.e., antenna beamwidth u; € ®; based
on their local observations and context information using
an e-greedy policy (lines 6 -13). The action space of each
user is the set of the antenna beamwidths that can be gen-
erated by the user’s antenna array, however, to satisfy (9c)
antenna beamwidth must be less than the wide-level antenna
beamwidth, i.e., u; < ;. We define the observation state of
a D2D link / as

a0 = {11 @), T T5 W), 1ty e e (10)

where [; denotes the measured interference power at the
D2D receiver on link /. The interference can be accurately
estimated by the receiver of each D2D link at the beginning
of each time slot. We assume it is also available instan-
taneously at the transmitter through a delay-free feedback
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Algorithm 1: Training Phase of the D2D Antenna
Beamwidth Optimization  Algorithm  Using
Multi-Agent DRL
1 Initialization: k£ = 0, set the D2D UEs’ antenna
beamwidth randomly,
@(0) = {u1(0), u2(0), ..., ur (0)}.
2 repeat

3 foreach D2D links | € L do
4 Receive observation z;(k).
5 if 7% (k) = 0 and g;(k) > 0 then
6 p = random().
7 if p < € then
8 ‘ Pick a random action u;(k) € &,
9 else
10 | wi(k) = argmax, Qy(zi(k), u'; 6;)
1 end
12 else
13 | wi(k) = wk — 1).
14 end
15 Packet 6;(k) and g;(k) and forward it to the
central node.
16 end
17 The central node computes the shared reward rg(k)
based on (11).
18 if ¢;(k) # O then
wo| |tk =),
20 else
21 | ntk)y=C.
22 end
23 Receive observation z;(k + 1).
24 foreach D2D link [ € L do
25 Store tuple (z;(k), u;(k), r;(k), zi(k 4+ 1)) in the
replay memory.
26 Sample a batch of b samples from replay
memory.
27 Calculate leQN.
28 Perform SGD to minimize £;(0;).
29 if (k mod N,) = 0O then
30 ‘ Copy 6; into 6;".
31 end
32 end
33 k=k+1
34 until
35 k < Nmax

channel. g;(k), TlS (k) and T;(k) are the remaining D2D pay-
load, the remaining link stability time and the remaining time
budget to transfer the payload, respectively. Values of training
episode e, and exploration rate € are added to the observation
tuple to address the non-stationarity of the environment and
facilitate experience replay.

b: REWARD FUNCTION
Since a selfish action selection that solely maximizes each
D2D link’s throughput cannot guarantee to obtain global
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optimization. D2D links are trained by a shared reward to
turn the environment into a fully cooperative’ one. At the
end of each time slot, the D2D transmitters evaluate the
amount of the transmitted payload §;(k) and forward it to
a central node (line 15). Then, the central node calculates
the network average data throughput and broadcasts it to
all agents (line 17-21). The shared reward function can be
written as

1
ry(k) = TTA gaz(k), (11)

where |.| denotes the set cardinality. The central node can be
the base station or a UE that is picked by D2D UEs. Note
that, as soon as the agent delivered all of its payload, its
reward becomes constant, C. The constant value should be
big enough to ensure that the algorithm encourages reliable
D2D links, i.e., I'; > 1. The observation tuple and the
reward function parameters are selected to ensure that the
optimization problem in (9) is satisfied. First, reward func-
tion (11) is in line with objective function (9) to maximize
the network sum throughput. Parameters 7;(k) and Tls(k) in
the observation tuple (10) ensure that the selected beamwidth
provides sufficient time for successful data transfer in the
required time budget as (9b). Also, monitoring ¢;(k) in the
observation tuple and the constant reward C are designed to
encourage the D2D link reliability such that I'; > 1,VI € L.

At the end of each time slot, experiences are stored in
replay memory and the D2D links” DQN are trained using
samples from their experience replay memory. In order to
stabilize the learning, the parameter set of the target DQN,
0~ are duplicated from the training DQN parameter set
0 every N, episodes and is kept fixed in between [17]
(lines 25-31).

2) DEPLOYMENT PHASE

During the deployment phase, at each time step, each D2D
link assesses its context information including payload avail-
ability, beam alignment and received interference. Using the
acquired information, the observation tuple in (10) is formed.
Note that in the deployment phase values of ¢ and € are set to
the values of the last training episode. The observation tuple is
fed into the trained DQN. The outputs of the trained DQN net-
work are Q-value of all possible actions (antenna beamwidth),
as shown in Figure 3. Then, D2D UEs on each link select an
antenna beamwidth with the maximum Q-value. Finally, all
D2D links transmit their payload using their selected antenna
beamwidth.

The centralized training procedure, which requires high
computational capacity is performed offline under various
network topologies and different initial conditions, which
allows the D2D links to perform well during the decentralized
execution time even with strong non-stationary conditions.

2By cooperative we mean that agents are aimed at maximizing a shared
objective
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FIGURE 3. lllustration of the proposed beam management algorithm. Training is performed offline and
requires a central node to compute the reward. The online implementation is distributed and dos not

require any coordination.

V. NUMERICAL RESULTS

To demonstrate the effectiveness of the proposed algorithm,
we compare its performance with two baseline models,
i.e., random antenna beamwidth selection [18] and constant
antenna beamwidth [19]. Also, to demonstrate the impact
of non-stationarity of the multi-agent environment, the per-
formance of the proposed antenna beamwidth optimization
algorithm is compared with the classical IQL [12], [13],
in which D2D links do not learn to cooperate and treat their
fellow agents as a part of the environment.

We custom built our simulator consisting of the D2D inter-
action environment and the D2D links’ DQN that is used to
learn the antenna beamwidth selection policy. The D2D inter-
action environment is an area of the size 1 km x 1 km, which
is —given the transmit power of D2D users— large enough
to avoid the boundary effect. In the simulation environment,
D2D UEs are located uniformly in the simulation area. For
each D2D transmitter, we assumed there exists a correspond-
ing D2D receiver at distance d;. Also, D2D UEs move accord-
ing to the random walk model. D2D users’ trajectories (speed
and direction of movement) are drawn based on i.i.d. uni-
form random variables. D2D transceivers are equipped with
a directional antenna for data transmission in the mmWave
band. Also, we assume that all the D2D transmitters transmit
at the same power. Simulation parameters shown in Table 3
are used, unless otherwise specified.

The DQN of each D2D link comprises three fully con-
nected hidden layers, of 500, 250, and 120 neurons, respec-
tively. The rectified linear unit (ReLU), f(x) = max(0, x), is
used as the activation function and Adam optimizer is used
to update network parameters with a learning rate of 0.001.
The agents” DQN is trained offline using e-greedy policy for
a total of 3000 episodes. We want the D2D transceivers on
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TABLE 3. Simulation parameters:D2D environment.

Parameter Value
Carrier frequency 28 GHz
Communication bandwidth (W) 100 MHz
Thermal noise density -174 dBm/Hz
Transmission power 1 W (30 dBm)
Channel fading (h;, N},) Gamma, 7
Free space path loss -61.7 dB

Path loss exponent 2

Simulation area 1 km x 1 km
Antenna beamwidths (®;) [10:5:60]
D2D pairs distance (d;) ~ U(30,50)
Pilot transmission time (77,) 10 ms
Velocity of D2D UEs ~ U(2.8,3.3) mph
Moving direction of D2D UEs ~U(—m, )

each link to find the best policy fast, however, committing
to a policy without sufficient exploration could also trap the
D2D links in a locally optimal policy. To address the trade-off
between exploration and exploitation, the exploration rate € is
linearly annealed from 1 to 0.02 over the first 2400 episodes
and remains constant afterward. The hyper-parameters values
of DQN in Table 4 are tuned through informal search. It is
worth noting that in the training phase, the payload size of
all D2D links is considered the same. However, the payload
size and QoS requirements of D2D links vary during the
deployment phase. Each episode of the training contains
Nmax time-slots with a duration of Ar. D2D transmitters
are loaded with a payload with size B at the beginning of
each episode which must be transmitted by the end of the
episode.
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TABLE 4. Simulation parameters:DQN.

Parameter Value
Discount factor () 0.95
Time slot duration (A7) 0.1s
Number of time slots in an episode (Npyax) 100
Training batch size (b) 1,500
Size of experience replay memory 100,000
Target network update frequency (V,,) 10
Training payload size (B) 25 MB

At the beginning of each training episode e, D2D UEs’
velocity, the direction of movement and channel condition
are set randomly. L D2D links are established between D2D
transceivers in the network environment, and D2D UEs align
their antenna towards their corresponding peer. At the begin-
ning of each time slot k, D2D links’ channel conditions
are updated according to a Gamma random variable. Also,
the location of D2D UE:s is updated according to the random
walk model. Based on the new location of users, beam align-
ment is performed if antennas are misaligned. At the begin-
ning of each time slot, D2D UEs on each D2D link gathers
their context information, including the remaining payload
in the D2D transmitter’s queue, the amount of interference,
remaining link stability time and time budget to transmit
the payload. Using the gathered information and fingerprints
including current training episode number and exploration
rate €, D2D UEs form the observation tuple in (10). D2D
UEs take an action according to the e-greedy policy and
receive a reward and a new observation. This information is
stored in the replay memory which is used for training the
DQN network. The size of the experience memory is limited.
During the training, older samples will be replaced by new
samples gradually.

To verify that the D2D UEs’ joint policy maximizes the
network sum-throughput while maintaining reliable D2D
links, we evaluate the performance of the proposed antenna
beamwidth optimization algorithm and the related baseline
models in terms of D2D link reliability and throughput.
Using (8), the network’s link reliability, denoted by I7,
is defined as the ratio of D2D links that transmit their payload
successfully in the limited time-budget (specified by the QoS
requirement). The network’s link reliability can be written as

. I£']
L]
where £/ = {l € L|T'; > 1}.

Figure 4 compares the performance of the proposed algo-
rithm in terms of network link reliability with the exist-
ing approaches. The results are averaged over 200 runs of
Monte-Carlo simulations to thwart the effect of noisy results.
It can be seen that increasing the payload size decreases
the D2D links’ reliability as fewer D2D links can success-
fully transmit their payload. However, our proposed antenna
beamwidth optimization algorithm maintains the D2D link
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FIGURE 4. Performance comparison in terms of the D2D network link
reliability vs. D2D payload size.

reliability at an acceptable level, i.e., more than 90% of D2D
links transmit their payload successfully when the payload
size is less than 35 MB. Also, the performance of random
beamwidth selection and constant beamwidth selection dete-
riorates significantly as the payload size increases, since these
approaches do not optimize antenna beamwidth according to
the context information. It should also be noted that the IQL
fails to guarantee D2D links reliability, which justifies the
importance of considering the non-stationary of a multi-agent
environment and enabling D2D links to track their fellow
agents’ policies to reach the best joint beam management
policy.

Figure 5 compares the performance of the proposed
antenna optimization training algorithm with the IQL algo-
rithm in terms of D2D link throughput and reliability. The
results are shown for four D2D links during an episode
of the distributed deployment. Figures 5a and 5b compares
the D2D transmitters’ queue status during 100 time slots
of a deployment scenario. It can be seen that the proposed
algorithm enables all D2D UEs to maintain reliable links by
transmitting their whole payload in the required time budget
successfully. While using the IQL does not guarantee D2D
links’ reliability, since none of the D2D UEs could transmit
their payload in the required time budget.

Figures 5c and 5d show the changes in the D2D links’
throughput while transmitting their payload during the same
deployment scenario. These figures illustrate that by imple-
menting the proposed algorithm, D2D links learned to coop-
erate rather than acting selfishly as in IQL. It can be seen
in Figure 5c that D2D links take turns to send their pay-
loads according to their observation tuple. In this example,
using the proposed algorithm, D2D link 2, at the beginning
achieves a high throughput to transmit its payload while
other D2D links keep their transmissions low to avoid caus-
ing interference and deteriorating D2D link 2’s through-
put. It can be seen that throughput of D2D link 2 goes to
zero upon finishing transmitting its payload at time slot 45
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FIGURE 5. Reliability of the D2D links using the proposed multi-agent DRL-based algorithm is compared with the single-agent algorithm, where the
non-stationarity of the environment is neglected. Four D2D links status are shown during 100 time slots within an implementation episode:

(a) remaining D2D links’ payload using the proposed algorithm, (b) remaining D2D links’ payload using IQL, c) D2D links’ throughput using the
proposed algorithm, and (d) D2D links’ throughput using the single-agent algorithm.

(also shown in Figure 5a). Afterward, in the same manner,
D2D links 1, 4 and 3 take turns to transmit their payload,
while others keep their activities at a minimum. Meanwhile,
Figure 5d shows that using the IQL algorithm and ignoring
the non-stationarity of the environment results in competition
among the D2D links to increase their individual throughput
during each time slot. The interference among D2D links
leads to throughput reduction and failure in payload trans-
mission. Compared to IQL, our proposed algorithm man-
ages to keep the network sum-throughput very high. Also,
the proposed algorithm provides very high throughput (about
10 Mbps) to each D2D link. In contrast, the throughput
of D2D links using IQL is relatively low (about 3 Mbps).
These results confirm that IQL is not a suitable approach for
non-stationary multi-agent environments. Since using IQL
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D2D UEs merely take actions based on their own observa-
tions while other users are treated as a part of the environment.

Figure 6 compares the normalized reward received by D2D
links using the proposed algorithm and IQL. The graph shows
the reward of a given D2D link. The results are shown for
3000 training episodes. Note that, in IQL agents are not
trained using a shared reward function. The growing trend
of reward function using our proposed algorithm indicates its
efficiency in enabling agents to cooperate and increase the
reward function. While using IQL, the D2D link fails to refine
its policy to improve its reward function. Also, the relatively
stable and tight convergence of the proposed algorithm’s
reward function highlights its ability to find an effective joint
policy. At the same time, IQL’s massive fluctuation shows that
the D2D link cannot converge to a good policy. Moreover, this
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FIGURE 6. Normalized reward of D2D links during 3000 training episodes.

graph is a reliable measure to verify the sufficiency of the
number of training episodes. The fast and tight convergence
of the proposed algorithm indicates that 3000 episodes are
sufficient to train the D2D links.

VI. CONCLUSION AND FUTURE WORKS

In this paper, we proposed a novel multi-agent DRL-based
algorithm to optimize D2D UEs’ antenna beamwidth in a
directional D2D network in the mmWave band. The proposed
algorithm considers D2D UEs’ mobility, payload size, QoS
requirements, beam alignment cost and non-stationarity of
the multi-agent environment. The proposed algorithm enables
D2D links to learn an optimized antenna beamwidth selec-
tion policy to increase the network sum-throughput while
maintaining the D2D link reliability. D2D links are trained
offline using a shared reward function while the deployment
of the proposed algorithm is distributed and does not require
any online coordination. The training algorithm is based on
the multi-agent DRL, and the non-stationarity of the envi-
ronment is addressed by augmenting users’ observation with
a low dimensional fingerprint. Finally, the performance of
the proposed antenna beamwidth optimization algorithm is
evaluated through extensive simulations. Also, a performance
comparison is performed with existing approaches, such as
IQL and random beamwidth selection. Results show that our
proposed algorithm improves network performance signifi-
cantly and outperforms other approaches.

In the future, we plan to investigate adapting the proposed
algorithm in indoor applications. In such environments, D2D
users are more prone to perform beam alignment due to
shorter beam stability time. The proposed beamwidth selec-
tion algorithm in this work will manage to compensate for the
stability time by selecting the proper antenna beamwidth and
render higher performance gains.
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