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Abstract—In this paper, we study Ultra Dense Networks(UDN)
in which the density of BSs is distributed with a density of
up to 100 BS/km?. This paper utilizes the stretched path loss
model which recently has been introduced as an appropriate
model for short communications. We introduces a new approach
to control the transmit power of the user in which the user’s
transmit power depends on the distance between the user and
its associated Base Station (BS), signal power attenuation. The
user performance metric in terms of average coverage probability
is mathematically derived. The analytical results indicates that
in the case of utilizing power control, increasing the transmit
power and the density of BSs can produce negative impacts on
the average coverage probability of the user.

Index Terms: Poisson Cellular Network, Coverage Probability,
Ultra Dense Networks

I. INTRODUCTION

The rapid increase of mobile subscribers as well as data
transferred over wireless networks have drawn new require-
ments for network designer and operators [1]. In that con-
text, Ultra Dense Network (UDNSs) has introduced as the
new potential network model for next generation of wireless
networks, particularly 5G (5th Generation) [2]. In UDN, the
Base Stations (BSs) are distributed with an ultra high density,
which may be upto 100 BS/km? [1], to shorten the distance
between the user and its serving BS. Figure 1 is an example
of UDN in an urban area. Furthermore, the UDN is expected
to work at a millimeter band whose frequency is greater than
30 GHz.
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Fig. 1: An example of UDN [3]
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With the introduction of UDN, there are a huge number
of research work which focus on modeling and performance
analysis of this network model [4]. Since the current well-
known propagation path loss models are applied for long
distance communications (greater than 1 km length) such as
Okumura model and Hata model [5], or low frequency such
as ITU model for the frequency range from 900 MHz to 5.2
GHz [5]. Thus, stretched path loss model was introduced in
Reference [6] as a suitable model for short communications
of millimeter wave.

The performance of UDN using stretched path loss model
has been investigated in recent research works such as in
References [6], [7]. The authors in [6] presented a initial
concept of stretched path loss model in which the signal power
attenuation over a distance 7 is exp (arﬁ ) in which « and (8
are tunable parameters. From the empirical measurements, the
authors stated that the selection of 3 depends on the number
of obstacles during the transmission line while a represents
the their effects. In Reference [7], the SINR distribution and
throughput were presented. However, these works dealt with
the downlink in which all the BSs utilize the same transmit
power. In this paper, we will focus on the situation of uplink
in which each user controls its transmit power to save energy
and optimize the system performance.

The uplink performance with power control was studied in
the literature such as [8]-[11] in which References [8] and
[9] focused on performance analysis and optimization of the
fractional frequency reuse technique. The author in Reference
[10], [11] discussed about the power control of the user.
However, these papers considered the traditional stochastic
path loss model which the power loss over the distance 7 is
r~%. In this paper, we investigate the power control of the
user in the case of stretched path loss model.

The main contributions of this paper are summarized as
follows

1) We introduce a new approach to control user’s power

in the case of UDN with stretched path loss model.
The average coverage probability is used throughout the
paper as the main user performance metric.

2) A new finding of the network performance trend has

been presented. First, the average coverage probability
of the user experiences a fast decline when the density of



BSs increases. Secondly, the average coverage probabil-
ity keeps steadily before passing a fall when the transmit
power increases.

II. NETWORK MODEL

In this paper, we consider the UDN network in which the
BSs are distributed following a Spatial Poisson Point Process
(PPP) with a ultra-high density of \ (BS/km?). The user
also distributed according to another PPP with a density of
A We assume that A(*) >> X, then uses in each cell fully
utilized the allocated frequency resource. Hence, each user
creates Inter-Cell Interference (ICI) to other users operating
on the same uplink frequency band at adjacent cells. If a user
does not produce ICI to the user of interest, that user does not
effect on the network ICI and will not be considered in this

paper.
A. User Power Control

In the wireless commmunication, the energy resource of
the terminal devices is limited, then each mobile user need to
control its transmit power to optimize the power consumption
as well as network performance. Conventionally, the user
transmit power depends on the distance between the user
and its serving BS, particularly the signal power loss due to
propagation.

We introduce a new path loss model for the user in UDN
as follows: The transmit power of the user at distance r from
its serving BS is Py exp (ar®’) in which

e P is the desired uplink received power at the BS.

« ¢ is the control coefficient (0 < € < 1).

o « and [ are tunable parameters of the stretched path loss

model.
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Fig. 2: User Transmit Power with different values of e

Figure 2 presents the transmit power with different values
of power control coefficient e. The designed received power at
the BS is P = —12dBm. It is noted from Reference [6] that
« represents the effects of the obstacles on the transmission
line. Then when « is set to be very small values such as

a =3 x107% and a = 3 x 1072, the signal experiences
smaller path loss than that does when « receives a greater
value of & = 3 x 10~ 1. Thus, in order to obtain the desired
received power ;) at the BS, the user in environment with
a = 3 x 107! need to transmit at higher power than that in
environments with a = 3 x 1072 and o = 3 x 1075.

B. Received SINR at the BS

We target the typical user which is allocated at the origin
and has a distance of r to its serving BS. The set of interfering
users to the BS of interest is 6 in which the distance from user
J to the BS of interest is r;. We denote d; is the distance from
interfering user j to its serving BS.

The user associates with the nearest BS, then r; > dj;.
However, Reference [12] proved that the correlation between
r; and d; is very weak and can be ignored. Thus, we assume
that r; and d; are independent random variables.

The transmit power of user j is P exp (—ar?). Therefore,
we obtain

o The received desired signal power at the typical user is
Py exp (areﬁ) exp (—om@) g

o The power of interfering signal which is caused by user
j is Pyexp (ozd;ﬁ) exp (fozrf) g;

o The total interfering power at the typical user is

I= Z Pyexp (adjﬂ) exp (farf) gj (1)
jeo

in which g and g; are channel power gains. Within the
content of this paper, they are assumed to be exponential
random variables which correspond to the Rayleigh fading
environment.

The received SINR at the typical user is obtain by
Py exp (arﬁﬁ) exp (—arﬂ) g
> jeo Poexp (ad?@) exp (—arf) gj + 02

Since in cellular network, the transmit power of the user is
much greater than the power of Gaussian noise, the Gaussian
noise can be ignored. Thus the received SINR can be re-written
as follows

SINR = 2

exp (aréﬁ) exp (farﬂ) g
> jeco XD (ad;ﬂ> exp (—arf) g;

III. AVERAGE COVERAGE PROBABILITY

SINR = 3)

The average coverage probability is defined as the proba-
bility in which the received SINR at the BS is strong enough
for successful data transmission. Denote 7' is the required
SINR for the BS to successfully decode the received signal.
Thus, the average coverage probability can be formulated as
the following equation:

P(e, ) = P(SINR > T) (4)



Substituting the definition of SINR in Equation 3 into Equation
4, we obtain

exp (arfﬂ) exp (—arﬁ) g
Zjee exp (ad;’B) exp (—arf) gj

> jeco XD (adjﬁ) exp (—ar]@) gj
T
exp (ar<?) exp (—arf)

Ple,A) =P >T

=P

Since g and g; have exponential distributions whose the
Cumulative Density Function F(z) = exp(—g), then P(e, \)
equals

szee exp (ad;ﬂ) exp (farf) gj

E
exp (ar<?) exp (—ar?)
> jeco XD (ad;ﬁ) exp (—arf) gj
=E |exp | =T
exp (ar<?) exp (—arP)
[ exp (ad?ﬂ) exp (—ozrf) gj
]1;[9 g [P exp (ar<?) exp (—ar?)

Using the properties of the Moment Generating Function of
1

exponential random variables which is Ele™*9] = 11, then
we obtain
1
P(e,A) =E ®)

exp(ozd?g) exp(farf)
exp(aref) exp(—ar?)

jeo 1+ T

Since d; is the nearest distance from the user j and its
serving BS, the Probability Density Function of d; is fp(x) =
2m Az exp(—mAz?). It is also reminded that d; and dj are
two independent random variables. Hence, taking the expected
value with respects to d;, we obtain

< 27Ad; exp(—7mAd?)
7)(6, )\) =E / exp(ade-ﬁ) exp(_JaT,/g) ddj (6)
jeo’0 14T exp(arj‘ﬁ) exp(farf]’)
For simple presentation, we denote
< 21 \d;jexp(—mAd?
F(T, Tj) = / ex;(ad?ﬁ() exp(—j(jﬁ) ddj 7
0 14T J "

exp(ar<?) exp(—ar?)

Employing the properties of Probability Generating Function,
P(e, N) is equal to

E [exp (/m —rAr; (1= (1)) drjﬂ

Taking the expected value with respects to r, the average
coverage probability P (e, \) is given by the following equation

271')\/ T exp (—/ mAr; (1 =T(r,r;)) drj)
0 r

x exp(—mAr?)dr

Employing changes of variable r; = yr and then t = wAr?,
the expression of P(e, A) can be simplified as

(ool (o))

Consequently, P (e, \) is given by
1

I (o ()

Equation 8 gives the relationships between parameters of
networks as well as transmission environment and the average
coverage probability of the user. Here is the main result of
this paper.

Ple,\) = (8)

a) Special case: No power control € = 0.
When € = 0, the transmit power of users are the same at
Py exp (o). Thus, I'(r, r;) in Equation 7 can be re-written as
follows

P(r,r;) = /‘><J 21 \d; exp(fw);d?)ddj ©
o TR
Since [, 2wAd; exp(—mAd})dd; =1,
L(r,rj) = ﬁ (10)
1+ TRy

Substituting I'(r,7;) into Equation 8, we obtain the average
coverage probability expression as the well-known result in
Reference [6].

b) Approximate T'(r,r;): .
Employing a change of variable y = wAr?, I'(r,r;) in
Equation 7 can be re-written as follows

N exp(—y)
E(r.rs) /o 1+ Texp (,m?) exp (0‘ (y/”’\)ﬁm) !

The above equation has a suitable form for Gauss—Laguerre
quadrature, then I'(r,r;) can be approximated by

n
W;

i=1 1 +Texp (—arf) exp (a (xi/ﬂ)\)B/Q)

L(r,rj) =~

in which w; and z; are the weight and root of the Laguerre
polynomial with a order of n.

IV. SIMULATION AND DISCUSSION

In this section, we do Monte Carlo simulation to verify
the analytical results and visualize the relationship between
the power control coefficient ¢ and density of BSs A with
average coverage probability of the user. In the analysis and
simulation, the coverage threshold 7" is set to 7' = —3 dB
which means that the user is under the network coverage if
the desired received signal power at the BS is at least a half
of the total power of interfering signals.



A. Effects of power control coefficient ¢

It is reminded that the environment with o« = 3x 107!, 5 =
2/3 suffers the strongest power loss, while other with a@ =
3 x 1075, 3 = 2 experiences the lowest power loss. However,
it is very interesting from Figure 3 that the user in environment
with @« = 3 x 101,83 = 2/3 can achieve highest user
performance. This performance trend can be explained as
follows:

o For the stretched path loss model, i.e. exp(—ar®) and
with three cases of «, 3, e.g. (a = 3 x 1071, 3 = 2/3),
(v =3x10%, 8 =1)and (o = 3x107°, 8 = 2), when the
distance r increases and ~ > 1, the signal power will have
the fastest decline in the case of « = 3 x 1071, 3 =2/3
and the slowest decline in the case of « =3 x 107°, 3 =
2.

o The desired signal and interfering signals experiences
the same path loss model. Thus, the total power of
interfering signals in the case of § = 2/3 decreases
faster than that in the case of o = 3 x 1071, 3 = 2/3.
Meanwhile variance of the desired signal may not be
significant. Consequently, the user in the environment
with @« = 3 x 107!, 8 = 2/3 can obtain the highest
performance, particularly average coverage probability.
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Fig. 3: Effects of power control coefficient on the average
coverage probability

Furthermore, Figure 3 also indicates that when the power
control coefficient e increases from 0 to 0.8, the average
coverage probability of the user has a very small changes.
Meanwhile when the € increases from 0.9 to 1, the user average
coverage probability falls. The phenomenon can be explained
as follows:

o The transmit power of the user increases with the power
control coefficient € as shown in Figure 3.

e When € varies between 0 and 0.7, the user transmit power
has a slight change, then there is a balance between the
increases of the desired signal power and the interfering
signals’ power. Hence, the average coverage probability
is seem to be constant in this period of e.

e When € is greater than 0.8, the user transmit power
dramatically increases. That leads to the loss of the
balance state and the user performance falls.

B. Effects of density of BSs \

In Figure 4, we study the effects of the density of BSs on
the average coverage probability of the user. Similarly to the
Figure 3, the user in the environment with o = 3 X 1071, 8=
2/3 achieves the highest average coverage probability.

Another interesting fact from Figure 4 that the average
coverage probability continuously reduces when the density
of BSs increases for all three cases of «, . This finding
contradict to the results for downlink without the power control
in Reference [6].
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Fig. 4: Effects of density of BSs the average coverage proba-
bility

This finding is very valuable for the network design be-
cause it indicates that increasing may not improve the user
performance in uplink.

V. CONCLUSION

In this paper, we introduced an approach to control the
transmit power of the user in UDN, which depends on the
power loss of the signal over the transmission line. We derived
the user performance in terms of average coverage probability
expression. Throughout the analytical and simulation results,
some interesting findings were found: (i) when the transmit
power of the user increases according to the proposed power
control model, the average coverage probability of the user
keeps at a steady value before passing a fall. (ii) when the
density of the BSs increases, the average coverage probability
continuously reduces. These findings can be utilized for the
network designers.
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