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Abstract: In this paper, we investigate a novel downlink
Small Cell (SC) system based on the Cell Free (CF) model,
with the deployment of Unmanned Aerial Vehicles (UAVs) as
Aerial Relay Stations (ARSs) simultaneously serving users in
a specific area. The new SC model concept is expressed in
the user-centric idea that the user will choose only one ARS
with the best conditions for communication, and the concept
of “cell" or “cell boundary" will no longer exist. The Time
Division Duplex (TDD) mechanism is used for system-wide
communication protocol, and the Minimum Mean Squared
Error (MMSE) technique is applied for downlink channel
estimation. We establish the downlink user throughput ex-
pression and then propose a Bisection optimization algorithm
to control power for downlink data transmission to improve
system quality and save energy. We evaluate the downlink
multi-ARS SC communication system with and without power
optimization in different aspects, such as altering the number
of users, the number of ARSs, the number of antennas, and
the transmission channel estimation interval. The results also
reveal that the system quality is significantly improved when
applying the downlink power factor optimization problem.

Keywords: Small Cell, Multi-ARS, power optimization, bisec-
tion algorithm.

I. INTRODUCTION

In recent years, the rapid proliferation of wireless devices
has posed numerous challenges for the telecommunications
industry. Therefore, the next generation must focus on
solving more practical problems such as high speed in
gigabits per second, low latency, high throughput, and
high spectrum efficiency within a specific coverage area
or application scenario. The infrastructure of the present
day is easily capable of supporting advanced techniques
and scenarios. Potential candidates include Small Cell
(SC) systems that feature well-connected nodes and high-
capacity backhaul links, as well as Unmanned Aerial Ve-
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hicles (UAVs) communications that function as aerial relay
stations (ARSs) with flexible deployment [1, 2]. The chal-
lenge of integrating ARS communication and SC systems
is inherently innovative and holds significant potential for
reciprocal advancements in the communications technology
industry.

To begin with, it is evident that ARSs communication is
an exceptional field that has been the subject of numerous
studies examining various aspects. Due to its advantageous
characteristics, including rapid response time, high mobil-
ity, cost-effectiveness, flexible deployment, favorable chan-
nel conditions, and precise controllability, ARS-enabled
wireless mobile communication finds extensive utility not
only in everyday situations but also in military and res-
cue operations [3]. The authors also investigated various
application scenarios for ARS communication, including
single UAV relaying networks, multi-user UAV relaying net-
works, multi-hop UAV relaying networks, and the Internet
of UAVs. In addition, the Amplify-and-Forward (AF) or
Decode and-Forward (DF) relaying scheme, Time Division
Multiple Access (TDMA), Orthogonal Frequency Division
Multiple Access (OFDMA) protocols, and the problem
of optimizing capacity and ARS trajectory in the ARS
communication network are also introduced in detail [4].

Moreover, a conventional SC system is predicated on an
extremely dense deployment of Base Stations (BSs), which
are considerably smaller in size than a typical microcell. SC
models are, in essence, BSs intended to serve a restricted
coverage area that is approximately one hundred times
smaller in size than conventional macro-BSs. By focusing
their transmission at low power and a coverage radius
of 50-150 meters, SC models enhance energy efficiency
and minimize transmission loss through the reduction of
the distance between users and BSs [2]. As a result, the



deployment of SC models has attracted the interest of
mobile operators seeking to improve system quality in
various homes or geographical areas.

The combination of ARS communication and SC models
for user cluster coverage through beamforming and mm-
wave techniques has also been extensively investigated.
The results show that the system quality depends on the
height of the ARS, the number of ARS, and the size of
the user cluster [5]. To decrease the power consumption
of SC systems, researchers developed a power optimization
strategy. This framework utilizes a novel control algorithm
that can autonomously deactivate the BSs of the redundant
SC model in response to network traffic requirements
[6, 7].

1. Motivation

With the above-mentioned basic survey of SC and ARS
communication systems, as well as the current state and
high demands of the telecommunications industry and
future directions. As a result, there are some compelling
reasons to combine the SC system and ARS communica-
tion.

Firstly, conventional SC systems provide benefits such as
high-speed processing, monitoring, and flexible deployment
with picocells, femtocells, and microcells. However, the
nature of the conventional SC model still exists in the
concept of cells with a small scope. In practice, more cells
lead to more complex signal processing, increased inter-
cell interference, and affect the radio connection. Therefore,
a novel approach is required to enhance and develop the
conventional SC model to guarantee the concept of "Cell"
is removed.

Secondly, the survey reveals that limited studies have
been conducted on the issue of integrating ARS commu-
nication and SC models. In particular, a completely new
SC model is developed when considering no cells. Further-
more, when SC is combined with ARS communication,
a combined model with outstanding characteristics such
as high LoS probability, flexible deployment, and simple
signal processing is created. These issues demonstrate that
this combined model is entirely feasible for real-world
scenarios such as rescue missions, military operations, and
connecting IoT devices at common civilian events.

Finally, the simple power optimization problem is always
prioritized to be applied in accordance with the models of
the cellular networks to reduce the influence of interference
and improve system quality. In particular, in the context of
the emergence of ARS communication, it will save energy
and prolong the life of the wireless network.
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2. Contribution

Based on the aforementioned research motivations, we
develop a new downlink SC structure-assisted ARS based
on the Cell Free (CF) multi-ARS system model. Simul-
taneously, a simple Bisection optimization algorithm is
proposed to address the problem of controlling data trans-
mission power in order to improve system quality, deploy a
flexible system, and save energy. The detailed structure of
our research is shown in the following important contribu-
tions:

o We develop the downlink SC communication model
on the CF system, so there is no concept of cell or
cell boundary with all ARS deployed and serving the
same users in a specific area [8]. The SC model is
established according to the user-centric idea, in which
each user chooses only one ARS with the best channel
conditions for communication.

o We design the channel model according to advanced
LTE standards provided by the International Telecom-
munication Union (ITU) and the 3rd Generation Part-
nership Project (3GPP) to support airborne vehicles.
The Time Division Duplex (TDD) protocol is applied
to the network-wide communication protocol. In ad-
dition, the Minimum Mean Squared Error (MMSE)
channel estimation is applied to downlink channel
estimation.

o We establish the expression for the downlink through-
put per user. Next, we deploy the bisection algorithm
to solve the linear problem under the power control
factor constraint, thereby optimizing the power for the
downlink communication system from the ARSs to
the users.

o We evaluate the system quality by comparing the user
throughput without and with data power coefficient
optimization in different aspects, such as changing
the number of users, number of ARSs, and channel
estimated interval in the downlink.

The subsequent sections are organized as follows: Section
IT discusses the downlink multi-ARS SC system. Sec-
tion III addresses signal processing, including downlink
channel estimation, downlink data transmission, and power
optimization. Section IV displays numerical findings, and
Section V outlines our concluding observations. Table I
is structured for convenient reference to the mathematical
symbol notations.

II. DOWNLINK MULTI-ARS SMALL CELL SYSTEM
1. Channel model

We investigate the model of a novel multi-ARS SC
structure applied in various real-world scenarios as de-
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Figure 1. The downlink multi-ARS Small Cell system.
TABLE I sidered under the assumption that it follows an independent
MATHEMATICAL SYMBOLS EMPLOYED IN THIS ARTICLE and identically distributed distribution (i.i.d.) CAN(0,1Ix)
Notation Description random variable (RV) vectors. Moreover, the large-scale
()* Conjugate fading is illustrated below.
Bk Conjugate-Transpose oL
E {}1 Expectation operator Bsk = 10710, 2)
()~ Inverse
T O
(”)” = ETMFZPOSQ PLj is the path loss provided by the advanced LTE standard
. e Euclidean norm . .
Iy The N x NV identity matrix of the ITU 'for the Urban Micro (UMi) [9, Table B-2]
cmxn A vector or matrix with size of m X n communication scenarios.
Tg Downlink data power control coefficient
ag Downlink channel estimation interval PLyy = 3)
K bNumfber of Users = PL1,s = max {PL/, 30.9+
N Number of antennas at AR
22.25-0.51o h lo +201o
5 Nomber of ARSs (22.25 - 0.5log (hars)) 10g; (dsp) +201logq (fe)}

PLNLoS = max {PLLOS9 32.4+
(43.2 —-7.6log;, (hARs)) log,, (d3p) +201og;, (fc)} ,

scribed in Figure 1. We first design a multi-ARS CF  Where PL’, PLnios, and PLios represent free space, Non-
communication model with S ARS and K ground users [8].  Line-of-Sight (NLoS), and Line-of-Sight (LoS) path loss,
ARSs are configured with N antennas, while users are respectively.

equipped with a single antenna. Moreover, ARSs and users

are randomly distributed in a specific area. We examine

under the conditions of the multi-ARS CF model, meaning 2. Multi-ARS Small Cell model

that all ARSs serve users at the same frequency and time

resource. The ARSs connect to the ground base station _Tl_lef deployme.nt of the SC model brings numero.us
(GBS) through a perfect backhaul channel significant benefits and has become one of the crucial

solutions for the next generation of networks, as mentioned
in Section I.1. We propose a multi-ARS SC downlink model
to be established under the assumption that each user is

In this paper, we illustrate the channel from sth ARS to
kth user as follows:

gor = Bsrhyk (1) served by a single ARS. It means that for each user, the
SK — N SK»

ARS with the best signal contribution will be selected, and
where the small-scale fading is denoted by hy; and is con- the ARS selection problem is based on the best large-scale
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fading coefficient. The mathematical model is specified
as follows:

Sk = arg max B “4)
se{€ARSs}

We take into consideration the requirement that the time
interval be sufficiently short to avoid handover between
ARSs [10]. The problem of handovers can be addressed
in future research. Furthermore, unlike the CF model, the
SC model does not have the constraint of the harden
channel condition. This means that in the CF system,
the channel gain is nearly equal to its mean value [11].
However, in the SC model, the channels are single fading
Rayleigh channels. Therefore, both users and ARS must
perform channel estimation. In this study, we investigate a
communication system employing the TDD protocol [12]
as shown in Figure 2, and focus on examining downlink
channel estimation and downlink data transmission.

T

4

Uplink . Downlink
Pilot SIS REES Pilot B
a a" ag ¢

a‘=BT,

A

A

Figure 2. Time-division duplex (TDD) protocol.

III. SIGNAL PROCESSING
1. Downlink channel estimation

We define ag as the period of time for downlink channel

training and ,/agq)k € C"gXl, lplI> = 1 is the pilot
sequence sent from the sxth ARS, with pg denotes the
transmit power per the pilot symbol.

Subsequently, the received pilot signal at kth user show
as follows:

Yp = P85k By +Wp, ©)

where w, is additive noise at user. Next, the projecting of
¥p to ¢, the MMSE estimation for g, i is

N _H — _H)\"l_
gk =E {gskkyp } (E{ypyp }) Yp
= cskks;p (©6)

where ip = ¥pPi, and

N a’gpgﬁskk
Cspk = : N

appp Z ,Bsk/k|¢k ¢k'i +1
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According to [13], the channel estimation from sgth ARS
to kth user is represented as follows:

— Egks ®)

where &g,  is error of channel estimation and is independent
of 8. Moreover, we have 8 ~ CN (0, ,uskk), and
Esik ~ CN (0, Bsek — pspk) [13] with pg, x is mean-square
of the estimated channel vector g, x, can be computed as

gskk = 8sik

A A 2
luskk = E {igskki } = N agpgﬁskkcskk

d
— pﬁskk (9)

a'ppp Z ﬁsk/k’¢k ¢k" +1

2. Downlink data transmission

K users rely on the pilot sequence received from ARSs to
select the best ARS for data transmission. Denote ,/quk,

where E {|q k|2} =1 is the symbol sent from the skth ARS
to the kth user with the power control factor of T . The
signal at kth user is described below:

N K
Y = Z \//;Z gsk,k\/:,f,%f + Wik
Z(gskk(Qk+Z(8skk(Qk

* Z \/7 Z o k| TH K + Wi, (10)

k' #k

where p‘]l represent the normalized downlink transmit SNR,
and wip ~ CN (0,1) is additive Gaussian noise. By con-
sidering the last three components of Eq. (10) as noise
components, we obtain the Eq. (11) for the downlink data
transmission rate of kth user, as shown on the next page.

It can be observed that in Eq. (11), |gskk|2 follows an
exponential distribution with mean g, . Therefore, the
expression for the achievable rate of kth user in Eq. (11) can
be transformed by using the exponential integral function
Ei(.)[14, Eq. (8.211.1)] as follow:

RY = — (logye) e'/Psik Ei (— ) (12)

Iask k
where

d_d
_ N P T Msik
fls e e . (13)

T,f (IBSkk - ,uSkk) +Npd ka Td/ﬁSklk +1
%

3. Power optimization

The power control problem brings numerous benefits
aimed at enhancing system quality, managing interference,



Journal on Information Technologies & Communications

pdTIg‘gskkF

Ri:E log, | 1+

Y

K
pdT]il (IBSkk - ,uskk) +Npd kzk T]‘j,ﬁsk,k +1
#

ensuring service quality synchronization, and conserving
energy for the entire system. Some power optimization
methods contribute to the very high overall throughput of
the system. However, within them, there are some users
with very good throughput, but there are also some users
with very poor throughput. Therefore, this issue leads
to unfairness, or, in other words, uneven service quality
for users.

The max-min power optimization problem is intended
to achieve a certain fairness among users. Fairness can
be attained by increasing the data transmission power of
users with low throughput. In our proposed model, power
optimization is addressed through a max-min problem using
the Bisection algorithm, where both the objective functions
and constraints are semi-linear and linear. The mathematical
model is specifically described as follows:

(P1) max ming-i.... kRY (14a)
Tk
subject to 0 < 78 < 1, k=1,..,K. (14b)

Because Ri is the monotonically increasing function of
fs.k- Hence, (P1) problem is reformulated as follows:

(P2) max ming=i, K HAsk (15a)
Tk

subject to 0 < 7¢ < 1, k=1,.., K. (15b)

To address the optimization problem, the objective func-
tions and constraints must be linear or quasi-linear func-
tions. (P2) is a maximization problem of ming=1,.  xfls k
with regard to Tg. It is observed that in P2, (15b) is a linear
function, whereas (15a) does not guarantee linear. By intro-
ducing the slack variable &, we transform (15a) expression
with ¢ as the upper bound of ming—1, .k fis.« [15, Chapter

5, 6]. Thus, (P2) has an additional constraint is & < fi, k.

Specifically, P2 is reformulated as follows:

(P3) max ¢ (16a)
T;i,_f

subject to ¢ < figk , k=1,...,K (16b)

0<tl<l1, k=1,..K. (16¢)

The (P3) problem is a linear problem with respect to &
that can be successfully solved via the Bisection method
as follows:
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Algorithm 1 Bisection Algorithm

1: Initialization: Select the initial values of &,,;,, and
Emax define a range of relevant values of the objective
function in (P3). Denote a tolerance value € = 1072
Set: & := m Solve the(P3) quasi-linear problem
3: If (P3) problem is feasible, set &, = &, else set
Emax =&

Stop if &nax — Emin < € Otherwise, return to Step 2.

Remark 1: In optimization problems, it is often challeng-
ing to find an exact absolute solution, as in problems with
explicit formulas. Specifically, in the bisection algorithm,
the exact solution is a point within the search interval.
Therefore, as the search intervals become smaller, the
search solution gets closer to reaching the optimal point.
The accuracy of the solution in the optimization problem
depends on the tolerance value. The smaller the tolerance
value, the approximate solution gets closer to the optimal
solution. Typically, the tolerance value is set between 1072
to 1075

IV. NUMERICAL RESULTS AND DISCUSSIONS

We evaluate the system performance of multi-ARS based
on the SC model using the Cumulative Distribution Func-
tion (CDF) of user throughput both without and with
optimized downlink data power. Additionally, we also ex-
periment with the system quality when varying parameters
such as the number of ARS, the number of antennas, the
time allocated for downlink channel estimation, and the
large number of users.

1. Parameters and Setup

We exame with throughput per user, taking into account
estimated channel interval. The throughput expression is
expressed as follows:

d

- d
T, =

k-

l—ag/aC
2

Without data power optimization, the ARSs transmit at
full power, i.e., 7§ = 1

a7

With data power optimization, the ARSs implement
transmission with the optimized power control coefficients
(T]‘j) as described in Section III.3.



TABLE 1I
PARAMETERS OF THE SYSTEM USED FOR SIMULATION.

Parameter Value
Carrier frequency 1.9 GHz
Bandwidth (B) 20MHz
Coherence bandwidth (B.) 200 KHz
Coherence time (T¢) 1 ms
ARS height 22.5m < hars < 300m
o, pf 100, 200 mW
Coherence interval a¢ 200 samples
The distributed area (S) 1 km?

2. Results and Discussions

= = = Without Data Power Optimization
—— With Data Power Optimization
s L L L L L L L L L
0 2 4 6 8 10 12 14 16 18
Throughtput per user [Mbits/s]

20

Figure 3. CDFs of the per-user throughput without and with data

transmission power optimization, L = 13,15,17, K = 10, N = 1, and
d

a; = 10.

Figure 3 illustrates CDF of user throughput as the number
of deployed ARSs varies. On the one hand, it can be
observed that the power optimization problem significantly
improves throughput efficiency. For example, with a total
of deployed ARSs (L = 13), the 90%-likely user throughput
without power optimization is only around 0.1Mbits/s,
whereas with power optimization, it is 2Mbits/s. The
reason for this is that when the transmit power is optimized,
the ARSs transmit with just enough power to manage
interference or noise at the receiver, thereby improving user
throughput.

On the other hand, as the total number of deployed ARSs
increases sequentially with L = 13,15, 17, user throughput
also improves. As the L value increases, the probability
of selecting an ARS with the best channel condition,
corresponding to the SC model, also increases. This ensures
an improvement in user service quality.

In Figure 4, we examine user throughput as the number
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N=2

= = = Without Data Power Optimization| |

—— With Data Power Optimization

15

10 20 25 30 35
Throughtput per user [Mbits/s]
Figure 4. CDFs of the per-user throughput without and with data

transmission power optimization, L = 15, K =10, N =1,2, 3, ag =10.

K=14

= = = Without Data Power Optimization| |

—— With Data Power Optimization
T T

2 4 6 8 10
Throughtput per user [Mbits/s]
Figure 5. CDFs of the per-user throughput without and with data

transmission power optimization, L = 15, N-ARS = 15, K = 14,16, 18,
N =1, and of = 10.

of antennas on ARS varies. User throughput increases
significantly as the number of antennas per ARS increases
(N = 1,2,3). In practice, it can be observed that as
the number of antennas increases, the diversity gain also
increases, leading to improved user service capabilities.

Figure 5 shows the CDF of user throughput as the num-
ber of users varies. In this simulation result, we investigate
the system performance under real-world conditions with
a varying number of users both larger and smaller than
the deployed number of ARSs. The results indicate that
with a high number of users, the user connections to ARSs
require more competition, especially for users at a distance,
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= = = Without Data Power Optimization| |

——— With Data Power Optimization
| ] ] ] ]

8 10 12 14
Throughtput per user [Mbits/s]

16 18 20

Figure 6. CDFs of the per-user throughput without and with data trans-
mission power optimization, L =15, K =10, N =1, ag =5,10, 15, 20.

leading to reduced user throughput. However, even with a
high number of users, the power optimization problem still
yields significant effectiveness.

In Figure 6, we investigate user throughput as the length
of the downlink channel training pilot sequence varies, or,
in other words, the time allocated for downlink channel
training. It can be observed that as the time allocated
for channel estimation increases (ag = 5,10, 15, 20), user
throughput improves.

However, with ag = 20, user throughput slightly in-

creases and tends to saturate. The reason for this is that

d
P

time allocated for channel estimation, the quality of channel
estimation improves. However, if the a/gl value continues
to increase, it will impact the data transmission time.
Therefore, as the ag value increases, user throughput tends

to saturate and decrease.

as the af value increases, indicating an increase in the

V. CONCLUSION

This study has investigated a multi-ARS downlink system
based on the SC model. By deploying ARSs to jointly
serve ground users in a specific area, similar to the CF
model. Then, the selection of an ARS with the best channel
condition to serve users is referred to as the SC model. In
addition, a power control algorithm is proposed to enhance
the system quality. The system quality is evaluated based
on various parameters such as the total number of deployed
ARSs, the number of users, the number of antennas, and
the length of the pilot sequence. The results also reveal
that user throughput improves when applying the power
control problem. However, at present, we are examining
the connection between ARS and GBS as an ideal backhaul
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channel. In future work, we will study other optimization
algorithms and apply deep reinforcement learning to the
multi-ARS SC model to improve system performance,
reduce complexity and signal processing time.
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