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Abstract

With the development of society and technology, and the emergence of the Fifth-
Generation Mobile Wireless networks, people’s demand for communication speed and
connectivity is increasing greatly. And there are several methods to improve the performance
of the 5G networks, which are the increase of the spectral efficiency, the use of larger amounts
of spectrum such as millimetre wave band [1], and the use of much more base stations per unit

area which means to increase the densification.

This article considers the third method which is increasing the densification as the main
driving force for the high transmission speed required in the future 5G networks. As for this

purpose, this paper focuses on ultra-dense networks (UDN).

Firstly, this paper expresses a network model mathematically which is 2D. The network
model contains infinite base stations and infinite user equipment and both of them are arranged
periodically. And then, because of its periodicity, we can just analyse the performance and the
mathematical expression of one of them. And based on the mathematical expression, how to
optimize the resource and power allocation is figured out. Finally, the performance limits of 2D

ultra-dense networks also can be analysed by using the outcomes of the previous work.
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Chapter 1: Introduction

The arrival of the 4G era has brought an overwhelming network, let us be surrounded by the
network, such as wireless WiFi, TV boxes and other wireless tools around people, madding
people’s lives full of convenience, in the 5G era, the network has become faster and faster,
which just satisfies the increasing demand of people. And also, with the development of Fifth-
Generation wireless networks, the ear of the Internet of Things has quietly entered our lives.
The premise of the Internet of Everything is the foundation of the popularity of the network,
and higher network configuration and faster network transmission are required, but luckily, 5G
can provide these precisely. This paper mainly considers the ultra-dense networks (UDNSs),

generally defined as those networks who contain more base stations than active users.

As for the ultra-dense networks, if we decrease the distance between the base station the user,
the average radio link quality would be increase since the path loss would be decreased. While,
at the same time, the interference would be increased from the non-serving base stations. So,
this paper establishes a system model to find out what is the best distance between base station

and user equipment which means at which place, the performance of the network is the best.

So, we decided to analyse the performance of 5G network, and to find out under which
circumstances the ultra-dense network would have a best performance. Because of the
destination, we build an analytical model firstly, which is two dimensional. The two dimension
means there is a layer which is full of infinite base stations and there is another layer full of
user equipment. User equipment could be mobile phones or laptops. By the way, these two
layers and are parallel and separated h meters. So, the minimum distance between one base
station and a user is h meters. And then, we build a coordinate system to put both of base station
layer and user equipment layer into it to express the model clearer and easier to understand. We
set the model is periodic, the distance between two closest base stations is fixed, and similarly,
the distance between two closest user equipment is fixed, so we can just express one of clusters,
because they the same. After express the location of base stations and user equipment, we can
find the mathematical expression of path loss value by using the distance expression between a
specific base station which transmit to a specific user equipment. Then we come to the most
important part which are three related elements: signal power, interference term, and the
achievable rate. At this time, we use the Barnes’ multiple zeta function [2] to express the
interference term. Since the Barnes’ multiple zeta function is convergence, which means the

interference term is also convergence, indicating the interference is limited and would not be
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infinite with the distance between base stations decreasing. So, if we have the expression of
signal power, the interference term, and the achievable rate, we are able to draw the related
figures, such as we could see what the performance would be if we decrease the distance
between the base stations until the distance nearly equals to 0, or to see which type of cluster

would be better, the overlapped or the non-overlapped.
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Chapter 2: Background

With the development of technology, much ink has been spilled about Fifth-Generation
wireless network. With the increasing demand of digital users for speed and connectivity,
network densification is very important for 5G. And to satisfy this advantage, the distance
between base stations is decreased and this increases the available network capacity by adding
more cellular base stations (including wireless access network, macro base station, indoor

wireless and small base station deployment).

More and more network connected devices and the wide variety of service requirements
attached to them have brought great pressure to the current 4G network. Therefore, new
enhancements must be added to the available features in 4G networks in the next generation of
wireless systems. To this end, industry partners and academia are working together to define
5G system concept. As we conceive, the requirements of 5G network are various. Indeed,
although the most important service requirements for road safety applications are reliability and
low latency, large-scale connection of equipment is more important for smart cities. In order to
integrate the requirements of all possible scenarios, because different application scenarios need
different performance, 5G network needs to meet. Then the following points summarize the

various requirements that 5G network needs to support [3]:

1. 1 to 10 Gbps data rates in real networks, what implies 10 times increase from the

theoretical peak data rate in LTE networks.
2. 1ms end to end latency.
3. Higher bandwidth per area.
4. Enormous number of connected devices to support the emerging IoT.
5. Perceived availability of 99.999% of the time.
6. Almost 100% coverage for anywhere connectivity.

7. Reduction in energy usage by almost 90% to support the progressive introduction of

green communications.

8. High battery life for the devices, by reducing their power consumption.

A one-dimensional ultra-dense network analytical model has been proposed because of the
tendency of the 5G [4]. The model firstly has a very detailed description of the model which is
5
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periodic and is composed of infinite base stations which transmit to infinite users. The base
station and user equipment are deployed in two parallel lines. And the fixed number of base
stations and user equipment are deployed into infinite clusters respectively. Cluster, is a new
technology to get better performance in reliability and flexibility with lower cost. And in this
paper, the author mainly considers two types of cluster: the one is overlapped, the other is non-
overlapped. Then the author uses the mathematical expression to describe the model to let us

have a clear understanding of this model.

In the description of the model, there are three important element that account for the
performance of the networks, which are signal power, interference term and the achievable rate.
The point we have to pay attention is that, the achievable rate means the performance. Since
the interference is mainly caused by the path loss, path loss value is mainly related with the
distance between the base station and user equipment, although the signal power is also
associate with the distance. So, the question is with the distance increasing, is the signal power

greater or the interference greater?

As for the interference term, there exists a Hurwitz zeta function [5], which is convergence
and luckily, we can use the Hurwitz zeta function to express the interference term, which means

the interference is convergence and limited at the same time.

After express the analytical model mathematically, we can use the expression to figure
them out in MATLAB. Then, according to the figures we made out, the author optimizes the
resource and power allocation, finds that there exists a situation, under such circumstances, the
performance of networks is best. Also, with decreasing the distance between base stations or

user equipment, the achievable rate convergence to a certain number instead of infinite.



UNIVERSITAT _TELECOM ESCUELA

2 < TECNICA VLC SUPERIOR
POLITECNICA DE INGENIERIA DE,

DE VALENCIA TELECOMUNICACION

Chapter 3: Design and Implementation

Normally there will be a part about the design and implementation of the system, especially for
an implementation project. However, every project has its unique phases so you should talk to

your supervisor about it.

3.1 System model

In this section, we describe the network analytical model. First of all, since the model is two
dimensions, so I plot this figure like Figure 1. After this, I make the mathematical expression
of model. Since the model is periodic, so we could just express one of them in both base stations
and user equipment. By getting this, we are able to get the expression of path loss value. Finally,
according to the path loss value, the signal power and interference term is deduced. And, what
is known to all of us is that the Shannon equation could be got from both of the signal power

and interference term.

we provide a detailed description of the network deployment. Second, the resource and power
allocation models are explained, which feature certain spatial periodicity. Third, an expression
for the achievable rates is derived from the resource and power allocation models. Finally, the

function is invoked to describe the infinite source of interference.

3.1.1 Deployment description

We consider a network composed of infinite BSs that transmit to infinite UEs. Both are
uniformly distributed in 2 parallel layers separated h meters, that is 2 dimensions. Therefore,
the minimum distance between and BS-UE pair is h. And we consider that there are two

mutually perpendicular coordinate axes, one x-axis and one y-axis in both layers. The inter-UE

d
U: along the y-axisis . The inter-BS distance along the x-axis

distance along the x-axis is

is ® alongthey-axisis . We assume that the network presents certain spatial periodicity,

d d
dBX Q+ dBy c @+
so that Y , O ie.,

Md, =Kd, Md, =Kd, M eN' M eN',K eN".K eN’ O

M MK,

As point out later, the equality in (1), with and X natural numbers, ensures that the

: . M
structure of the network is repeated every M. UEsor X BSs along x-axis and every 7
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K . . . . - .
UEsor ¥ BSsalong y-axis. The location or position of a BS along the x-axis of k. —th BSis

l,(k)=kd k —th
5 (K)=kd, , k € Z, the location or position of a BS along the y-axis of BS is

[, (k)=kd k €Z
By( y) B » € , so the location or position of a BS s

Lk ,ok) = (kdy kd,y )k, €2k €7

X

. The location or position of a UE along the x-axis of

_ [ (m,s)=(md +s
m, —th UE is UX( 8= (m, Ur 2 € Z, the location or position of a BS along the y-
—th [ (m,s)=(md +s 7 _
axisof " "' UEis o, (M,08,)=(m,dy, +5, ), ", €% And the location of the ™~ along
. : —th . .
the X- axis with g along the y-axis UE 1s

ZU(mx,my,sx,sy) = (mdeX +sx,myde +sy),mx € Z,my el (Sx’Sy)

, Where 1s the location of UE

(0,0). The structure of the system makes the only values in an area of

0,0),(d, ,0),(d, ,d, ),(0,d
(0,0).(d,, ,0),(d, U,v)( v,) (5,55,) . In particular, we have that

(sx,sy) =(0,0) and

are meaningful to

IL.(m,m,s s )=1(m —-1,m —Ls +d, ,s +d, )
U , 99, U > ? v’ U
oI 55,55 x V x Y »~ and hence the case

(s..5,)=(d, .d, ) : : :
’ * v are equivalent except for relabelling of the UEs. Hereinafter, we take

selod, ] s, el0d,] | |
* =~ and »~ without loss of generality. In order to compute the expectation

of the performance metrics, we assume that the location of UE (1,1)-st is uniformly distributed

: (0,0).(d, ,0).(d, ,d, ),(0,d,, )
in the square of = v
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((MTV))
i
|

D (5,5,+3d,) D D
(5,5,+2d,,) D
. N
(5,8,+d,)

N

(5,8,
(5,+d,,S) D
(5+2d,,8)

(5,43d,,5))

Figure 1 Two-dimensional ultra-dense network analytical model

Md
Remark 1. Any two UEs separated a distance both greater than or equal to ~ * “* in x-axis

y U

and greater than or equal to » in y-axis are served by clusters without common BSs.

In order to be able to use the Hurwitz zeta function in 2-D, path loss is computed considering

(k,.k,)~th (m .m )~ th

I-norm distance. In particular, the distance between BS and UE is

h+|l (k)H)—=1 (m.,s)|+|l, (k)=1L (m,s
| Bx( 2 Ux( 251 By( 2 U~"( g y)|, and hence, the path loss from this BS to this
UEis:

Ly i, (5:55,) = (k| Ly (k)= 1y, (mos ) [+ |1y (k)= (m.s) ) )
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where 7 is path loss exponent. Using Equation (1), it can be shown that

L(ingX),(_jKy+ky),(iMX+mX),(jMy+my)( ) ) Lk k M m, (Sx’Sy) (3)
Remark 2. The system viewed by UEs in
M _+ M + m=1..,.M m=1..,M . ) .
{@ m )(J m )}lez Jezo e =4 oM, ”, is equivalent, which is also true for
BSs in {(iK_+k )(]K +k )} lez]ez’ = 1,...,Kx,ky = 1,...,Ky'

In other words, except for the UE labelling, it is not possible to distinguish between UEs in

{(iM_ +m )(]M +m )} :1,...,Mx,my =1,...,My

i€Z ]eZ’
Sometimes similar occurs for BSs in

(K, +k )UK, +k,)} k=LK k=1, K

i€Z,jel.’> ¥y

3.1.2 Resource and power allocation models
In this section, we will use the deployment pointed out in Remark 2 to show that the resource

and power allocated in the BSs to transmit to the UEs are spatially repeated, with periodicity

) M M ,K K ) )
givenby 7 7. We will, then, use this fact to represent the amount of resources and

power levels used for each BS-UE link with two finite-dimensional variables.

Regarding the power allocation, we assume that the transmit power is limited in each resource

: P E0]
element to the same maximum value P. Letting =~ ™™

(k,ok,)-

be the portion of the
(mxamy)_

: . . th .
maximum power that is used by BS to transmit to UE . Using
Remark 2 and following a similar rational as before, we conclude that the power allocation is

periodic, with the same periodicity as the resource allocation, i.e.,

‘v’i,j,kx,ky,mx,my e 4)

pkkm , p(zK+k)(/K+k )(1M+m)(/M+m )?

(mxamy)_

Since BSs that are not included in the cluster that serves UE do not spend power

to transmit to this UE, we have that,

Pir, ki ek, = 0Tk, €ZML. K 3 Vk, € Z\ (L, K}, ,m, € Z ()

A (s)+k), (A (s)+k )—th _
where (« m*( DR '"*'( 7 ) ’ ) is the left and bottom BS that servesUE(mX’my) th

10



_ TELECOM ESCUELA
UNIVERSITAT TECNICA VLC SUPERIOR

POL|TECN|CA DE INGENIERIA DE,
DE VALENCIA TELECOMUNICACION

lU(mx,my,sx,s_)

when this UE is located at »” . Using (4) and (5), the set of all power allocations

{{pk k }k k Z} 7 . KXXKJ:XM,XXM,:
oy oM, 2K R €4 7, & can be eXpreSSGd by means Of a matrlX XE[O,I]

(kx,ky,mx,my)

. In

particular, given certain power allocation, the element of the corresponding

kakym m,

matrix X, v 1s given by,

Ko mm, = Py B (S Pk (5,04, (6)

m_ Imod M )+1,m_=(m—1mod M )+1
and, letting m,=(m=1mod M )+1m, =(m~1mod M,) , the power allocation

corresponding to some given matrix X is
pkx K m, = x(kx—/lm (5 Wk, =R, (5,)mm,
Py &+ m . =0,0therwise

7
for all koK, om,.m, € (7)

3.1.3 Achievable rates
Matrix X can be used to obtain the signal and interference powers at each UE, which, at the
same time, can be used to describe an achievable rate per resource element of the UEs. To this

aim, we define the function:

]( K
8
pmx,my(y’sx’sy) 22 A, +k WA, (s‘,)Jrkv),mx,m}, (SX’S)’ )ykxky ( )

m m, (y,S § ) Pz 2 ZZ )+1K +k.) (4, ( ))+_jKy+ky),mx,mv (Sx,Sy )ykxky

JE—eoi=—co k lk =1
K. K,
-1
_Pé 1241 L (R, (5. }k, e (sy )+ky ), m, (s Sy )y kk, 9)
( )= Blog(l P 0505%,)
r ,8 ,8 )= Blog(l+ —
ity > Y & N+Zm m,(yasx’sy) (10)

Where B is a constant that accounts for the effects of the resource element bandwidth and
multiple antennas, and N is the experienced noise power. The expression in (8), (9), and (10)
will be used to describe the signal power, the interference power and the achievable rate,

11
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respectively. We will do this extracting the elements of the vector y, which are the portions of

the maximum power used for transmission, from the matrix X.

_ X, —th
th column of X, and letting ™ be the g column of X, the

my)—th

X
Letting " be the "

(m,,

signal power received by the UE in each resource element allocated to it is

pmxmy(xm_x’xm_v’sx’sy) mx € {1,...,Mx},my c {1""’My}

. Note that, for this is equivalent to

pmm ('xm ’xm ’Sx’sy) . . .. . .
WMy = M Ty Due to the spatial periodicity of the system structure pointed out in

. : : . M
Remark 2, the same signal power is received every M, UEs along the x-axis, and every 7

along the y-axis UEs. In other words, using (3) and (4), it can be shown that

pmxmy(xm_x’xm_y’sx’sy):p__(xm_xax;yasxasy) (11)

m_m
x My

(m,—th,m —th)

With respect to the interference, its power receives by the UE is

V4 X—
m

,which depends only on "™ and ™, and no other columns of X, due to

(x—,x—,5,5) _
m.m, m, m, X7y

the resource and power allocation models. Similarly, to the signal power and due to Remark

%k
2, the same interference power is received every — * Y UEs, i.e.,

memy(xa’xmj’sx’sy):Z;x;y(xZ’ny’Sx’s}v) (12)

) ) ) ) ) m_—th,m —th
Using the previous signal and interference levels, an achievable rate of the (m, r )

rmxmy (xE , xm—v 3858, )

UE in a particular resource element is . From (11) and (12), it is

. . M xM )
straightforward to show that the achievable rates are repeated every — * » UEs, 1e.,
v (xm—,xm—,sx,sy):rii(xg,xm—,sx,sy) (13)
) M xM . ) v (xm—,x;,sx,sy)
The total achievable rate of the  ~* ¥ UE is a multiple of > ™ ™ that
depends on the amount of resource elements allocated to the UE. Defining the function
Rm m (v’y’sx’sy) = erm m_(y’sx’sy) (14)

(wm_ m_’xm_x,m_y’sx’sy)

. m.m, )
this rate can be expressedas "™

12



_ TELECOM ESCUELA
UNIVERSITAT TECNICA VLC SUPERIOR

POL|TECN|CA DE INGENIERIA DE,
DE VALENCIA TELECOMUNICACION

3.1.4 Convergence of the interference term
In the 2-dimensional deployment, in which infinite UEs and BSs are homogeneously distributed
in two dimensions. In this case, the interference can be modelled as a double series whose

convergence point can be expressed using also the Barnes zeta function. In particular, the

¢(s,wlay,...,a, )= Z (w+ma, +..+m.a,)

my ety =0

converges for all s>N | w>0 and

vy >0

In this case, the interference power

Zpm (v,8..8,)=P 2

J=—o0 =—

K, K
22

s WK k) (A, ( 5, )7+ K e mm, (SX’Sy )y kK,

I
—-P 22 (5. ek BYCH (y)+ky),mx,my (SX’Sy)y kk,

k., lk =1
can be expressed as
Z, (105,58 )=

© o K K

PY Y 2 2 (ht|(,, (s)+iK +k)dy =md, =s |+](4, (s)+ K +k)d, —md, =s )7y,

oo im—oo k =1k =1

K, K,

—PZZ(h+|(/1 (s)+k)d, —md, —s |+](Z, () +k)d, —md, —s |} T(5,8,)V0 (15)

klkl

o o K. K

—PZZZZ(}H\(A () +IK +k)dy —md, =s [+|(4, (s)+ K +k)d, —md, =5 )7 (s.5)9,, (16)

J=l =1k =1k =

w K, K,

+P222(h+\(lmj(sx)Jri’Kx+kx)d3r—deU(—s |+1(A,, (5 )+k )y —md, =5, )7 (5,.5,)y,, 17)

i'=1 k =1k =1

-1 o K,

+PY 22 (A, () +PK +k)dy =md, =5 |+|(A, (s,)+ K +k)d, =md, =s D7(s,5,)y,,  (18)

J=—eo =1 k=1 k =1

—1 K,

+PY Zz(hﬂ(z, (s)+k)dy —md, =5 |+|(4, (s)+ /K, +k)d, —md, =5, [7(5,.5)7, (19)

J=—eo k =1k =1

-1 -1 K K,

+PY Y Z N (h+(A, o ) FIK +k)d, —md, —s |+[(4, (s)+ /K, +k)d, —md, =5 7(s.5)y,, (20)

Jm—eoi'=—cok, lkJ =1

+Pi§2(h+|(/1 () +IK +k)d, —md, s [+](A, (s,)+k)d, —mdy, =, )" 7(5,:55, )V s o)
Jolg 21

13
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~ -1 K K,

P 2 2 2|y (5)+TK 4k ), —mdy =5 |+|(R, (5,)+ K, +k)dy —md, =5 )7(5,5,)7 (22)
J=l =0 k =1k =1 ’ ' 4 4
- K K,

+PY > (h+| (A, (s)+k)d, —md, —s |+|(4, (s)+ /K, +k)d, —md, —s 7 (s.5)¥,, (23)
J=lk =1k =1 : : : ’

Let us take (16) as an example. Firstly, let i=i'=1j=j~-1 , 50
= PiiEZ(M |(A, (s)+T'K +k)d, —md, —s |+ |(/'Lm‘_ (s)+ /K, +k)d, - md, =s, |)*7(sx,sy)ykvkv (24)
will become

oo K,
=P
0 i=0 k=1

Y

[h+ (’lm, (s)+(E+DK + kx)d& -md, —s + (/lm‘ (s)+(j+DK + ky)dB)_ - mydUJ -s,] Yix, (25)

-

1M

k.
v

And according to the Barnes’ multiple zeta function Cvis,wlay,....ay) depends on the

parameters 1>~ that will be taken positive and which is defined by the series

o

)
¢(s,wlay,...,a, )= 2 (w+ma, +..+m.a,)

my ...,y =0

(26)

Rew>0’Res>N

So, (16) will become

-y
w w K K,

=PY YN > [h+ A, (s)dy +Kdy +kdy —md, s +2, (s)d, +Kd, +kd, —md, —s +iKd, +jKd ] y,

J=0 =0 k =1k =1
K, K,
=P 25w 00,5, (27)
k=lk,=1

where

w=h+A (s)d, +Kd, +kd, —-md, —s + ﬂ,my (s,)d, +K d, +kd, —md, —s,>0(28)

a,=Kd, >0 (29)
o, = KydBy >0 (30)
A (s)+K +k)d, (A (s)+K +k)d _
(4, )+ K4k, ’"J’( DK HE) B-”) is the location of the (kosk,)=th closest
(mx,my)—th

interferer BS to the right and top of the cluster that serves the UE. Therefore, it

A, (s)+K +k)d, >md, +s,

is straightforward to show that and

A, (s)+K +k)d, >+md, +s o ‘ o .
N oo ¥ %7 which yields the inequality in (16). And this is the reason

why w1>0'
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As for (18), let i=i"—land j=—j'—1’ s

-1 ~ K K,

+PY ZZZ(hH(Am (s)+IK +k)d, —md, s |+|(4, (s)+ /K, +k)d, —md, =5, )7 (s,.5,)y,, >0

Ji=—eo =1k, lk =1

will become

_Pzzg (}/,W |a31’a32)ykk (31)

klkl

where

w,=h+ ﬂ'mx (sx)de + deBx + kdeX - mxduv‘ -5 - lm}_ (sy)dBy + KydBy - kydBy + myde +s,>0 (32)

=Kd, >0 (33)
=Kyd3y >0 (34)
As for (17), let i=i"—1
- K. K,
+P222(h+|(/1 )HTK +k)d, —md, —s |+|(4, (s,)+k)d, —md, —s D7 (s,.5,)7,,
=Lk =1k =1 ! T
K, K, o r
= PY Y Y+ (A, ()+A+DK +k)d, —md, =5 +(4, (s)+k)d, —md, =s] v, (35)
k 1k =1 i=0 o
Kx Ky
=Py 25wy, (36)
k,=1k,=1

w,=h+(A, (s)+k +K)d, —md, —s +|(4, (s)+k)d, —md, —s [>0 (37)
o,=Kd, >0 (38)
So, we can draw the conclusion that
w = K, K,

m m, (y’Sx Sy) PZ Z 22 s K k) (A, ( ,))+jKy+ky),mX,my (SX’Sy)ykxky

j:—ool:—ook 1k =1

—l
—PZZ +k )(/'l )+k_l,-)’mx’my (Sxasy)ykxky

ke=lk,=1 ”’

= PZZ[CZ(%WI l0,,0,)+E, (7w, o, ) )+ E, (7w, | g e,

k=l =1

+§2 (}/’ W7 | a719a72) + Cl(% W2 | 0(2) + gl(% W2 | az) + gl(}/a Wz | az) + gl(’}/’ Wz | az ))]ykxky (39)

Where
w=h+A, (s)d, +Kd, +kd, —-md, —s +A (s)d, +Kd, +kd, —-md, —s >0 (40)

15
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w,=ht (4, (5)+k +K)d, —md, =s+|(4, (s)+k)d, —md, s, >0 (41)
wo=h+2,(s)d, +Kd, +kd, —-md, —s =2, (s)d, +K d, ~kd, +md, +5,>0  (42)
w, = h+| (lmX (s )+k, )dBX - mdex —s_| —(),my (s,)+k, — Ky)dBy + myde +s,>0 (43)
w,=h— /lmx (s)d, +Kd, —kd, +md, +s - /lmy (s, )dBy +Kd, - kydBy + myde +s,>0 (44)
wo=h—(4, (s)+k,—K)d, +md, +s+]| (/lmy (s,)+ ky)dBy - myde -5, >0 (45)

w,=h— ;me (s)d, +Kd, —kd, +md, +s + ;tmy (sy)dBy + Kydsv + kydgy - myde —5,>0  (46)

W= It (2, (s)+k)d, —md, =s [+(A, (s,)+k,+K)d, —md, —s >0 (47)
a,=Kd, >0 (48)
o, =K,d, >0 (49)
o,=K.d, >0 (50)
o, =K.d, >0 (51)
o, =K,d, >0 (52)
o,=Kd, >0 (53)
o, =Kd, >0 (54)
oy, =K,d, >0 (55)
a,=Kd, >0 (56)
a,=Kd, >0 (57)
a, = KydBy >0 (58)
o, =Kd, >0 (59)

16
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Chapter 4: Results and Discussion

4.1 Achievable rates of UDNs

In this section, we would find out the outcomes which is come from the model in the previous
section, mostly, to find out how the number of base stations in one cluster or the number of user
equipment in one cluster or, especially, to figure out how the distance between base station
would influence the performance of the ultra-dense networks.In particular, the behaviour of the

+d
achievable rates is evaluated with respect to the inter-BS distance = * . In order to observe

the effects of densification without the distortion caused by introducing more available power

in dense networks, the maximum transmitted power per resource element in each BS is set to

P=nd, +nd, n . ‘
7% where 'Ix is the available power per meter and resource element along the

x-axis and , is the available power per meter and resource element along the y-axis. The

rates in this section were obtained with the resource and power allocation of the previous section

and assuming h=B=W=N=1 and Y=3 Note that, by selecting h=1 and N=1, P can be

understood as the maximum signal to noise (SNR) of any BS-UE link.

d,=d, =02 K =K =2 M=M=4 s5=5=0 overlap cluster

x y

0.33

0.2)

%
DOS/[/OO 029 0 '25

(9/0/79

0 29 ‘
ays 3 0! y,axﬁ\‘“\

3N s}
(g % om ge postio” dlot
Figure 2 achievable rates with respect to the UEs position for different inter-BS distances and clustering
types.
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Figure 3 achievable

rates with respect to the UEs position for different inter-BS distances and clustering
types.

dB‘ = dx, =02 K =K=2 M=M=4 s5=5=0 putoverlapandnon-overlap cluster together

Rate [b/s]
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Figure 4 achievable rates with respect to the UEs position for different inter-BS distances and clustering
types.

d, =d, =01 K=K =4 M ZM.:d 5,=5,=0 non-overlap cluster

0.33

0.31

0.29

Rate [b/s]

0.27

025

021

029 it

03 . a0on®
not

Ve PO

_axs

Figure S achievable rates with respect to the UEs position for different inter-BS distances and clustering
types.
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Figure 6 achievable rates with respect to the UEs position for different inter-BS distances and clustering
types.
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Figure 7 achievable rates with respect to the UEs position for different inter-BS distances and clustering
types.

d =d, =005 K =K =8 M =M =4 s =5 =0 overlap cluster

0.29

0.28

0.27

Rate [b/s]

0.26

Figure 8 achievable rates with respect to the UEs position for different inter-BS distances and clustering
types.
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Figure 10 achievable rates with respect to the UEs position for different inter-BS distances and clustering
types.

"s. :dB‘ =0.025 K =K =16 M = M) =4 s =5, =0 overlap cluster

0.29
0.28
2027
9,
()
©
(a4
0.26
025 -
4 /(//// 025
e/O,, //</ 026
9x e ///\/ 021 y oS o
S//b/ 02 0-2% Hon a\Oﬂg
9 029 QE PO !

Figure 11 achievable rates with respect to the UEs position for different inter-BS distances and clustering
types.
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Figure 12 achievable rates with respect to the UEs position for different inter-BS distances and clustering
typesl.
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Figure 13 achievable rates with respect to the UEs position for different inter-BS distances and clustering
types.

Figure 2-13 shows the achievable rates with respect to the UEs location or position in the x-

axis and y-axis for four different inter-BS distances and two clustering techniques: overlapped

. , , d, =d, =0.1
and no overlapped clustering. The four figures were obtained setting :
=1, =100 M =M =4 _ dy.d, K ,K _
1.=1, and * ¥~ 7 and varying the values of > * ", Specifically, we
d, =d, =02 K =K =2 d,=d, =0.1
set B B and x Y in Figure 2,3,4,5, and B 8 and
K =K =4

¥ in Figure 5,6,7. Figure 2-13 show that, in all studies cases, since we could find that
the overlapped ones always greater or equal to those with the non-overlapped clusters in the
achievable rate. The difference between these two techniques are especially significant around
the cluster borders and in denser networks. Note, for instance, the significant rate drops around
the position exhibited by the non-overlapped clusters in Figure 11,12,13. Near the cluster centre,

both clustering techniques have a very similar behaviour.

18 T T T T T T 11 T T T T T T 11 T T T T T 11

1.6

1.4

1.2

n=n-=1

—X—M=-M-=1 p=p-=10

expected rate density [b/s/m]|

0.81 —B— M =M =1 5 =5=100
—+— M =M,=1 p=n== “‘@~\\8"“0 \\\\\ o
06 I P o — M‘ = A[ =4 ,]‘ == ,]} =1 \\\\\@\ \\\\\8 al
............ * M =M, =4 p =n,=10 \\\G\ \\\\\\G)
04" | ===l M =M =4 5 =n1=100 \\\\\ N
H Q
............ 4 My=M, =4 f =0 =" 'y
02 1 1 1 M I 1 1 T T S B A I I [ |\\K'
A -2 -1 O 0
10 10 10 10
d m

Figure 14 Expected rate density versus BS density for different values of available power meter.
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It is important to note that, in Figure 14, the rate with overlapped clusters seems to converge to

some value in the interval when and 7 , which contradicts the conclusion in

[6], [7], i.e., rate increases linearly with along the x-axis or y-axis with BS density. This
conclusion was obtained in [6], [7] by considering lack of cooperation among BSs and
deployments with more UEs than BSs. Due to this, resources were shared among less UEs by
increasing the quantity of BSs, which, together with the SINE invariance, led these works to
conclude that the achievable rate should increase linearly along the x-axis or y-axis with BS
density. However, in the particular case of Figure 14, UE density is constant and resources are

M =M =4
shared among Y . The fact that the rate converges implies that the SINR also

converges, supporting some kind of SINR invariance as observed in [6], [ 7], but noting that this

is not always accompanied by a rate increment.

The SINR invariance was refuted in [8], [9] using the dual-slope path loss model. However,
this is not uniquely caused by the particular characteristics of this model. We will show that the
same conclusion can be achieved with our system and path loss models by increasing both UE
and BS density. To this aim, we computed an average metric of the achievable rates similar to
the system throughput obtained in [8], [9]. In particular, the metric was the expected rate density,

i.e., the expected rate provided by the network per meter, where expectation is taken over

0,0),(d, ,0),(d.. .d ),(0,d
(5,-5,) uniformly distributed in the area of 0,0, Ur M Ue U)’)( U“’),that is

E E[M Ay +M Ay 2 z mm, mx m, *(Sx’sy)’xmx,mv *(Sx’sy)’sx’sy)]

'm 1m =1

UdU M, M

mj J.zz - mm *(sv,s)xm m, *(sv,s)s s)ds ds (59)

omlml

The results of the rest of this section were obtained for only overlapped clustering technique,

due to its superior performance in comparison with non-overlapped clusters.
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0.8

expected rate density [b/s/m]

0.6

d, [m]

Figure 15 Expected rate density versus BS density for different values of UE density.

d, =d, =d, =d

Figure 15 shows the expected rate density for % | different cluster sizes

M =M =1 M=M=4 K =K =1 K =K =4

( and , which, from (1), implies that ~* 7 and ,

respectively), and different available power per meter. The most relevant conclusion of this

figure is that, independently of the cluster size and the available power per meter, the expected

. .. . dU ,dU,’dB ’dB
rate density converges when the density increases, i.e., when "= "> ™ " decrease. Therefore,

the rate of a particular UE decreases if both BS and UE density increase, as concluded in [8§],
[9]. However, there are strong differences between our model and the model in [8], [9]. One of
these differences can be pointed out nothing that one of the conclusions of [8], [9] is that the

system throughput increases linearly with densification for near-field path loss exponents

greater than 2. In fact, this is the case depicted in Figure 15, which was obtained for ¥ = 3,
However, with our model, the expected rate density converges with densification due to the use
of fixed available power per meter and a minimum distance between BSs and UEs through the

use of h=1.

Comparing now the different lines in Figure 16, we observe that, independently of the cluster

size, the expected rate density increases with the available power. However, this increment has

a limit, which is illustrated in Figure 16 with the curves for M= and n,= . In other
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words, no matter how much power is available in the BSs, the expected rate density cannot be

n —

higher than that shown in the curves with M= and . There curved were obtained

assuming a null noise power, i.e., N=0, in which case the network is clearly interference limited.

n.=n=1

The best cluster size depends on the available power. Specifically, for and

=n =10 . M =M =1 . M =M =4
1.=1, , the expected rate density is higher with ~* Y than with ~— ~ Y ,

= =1 oo . . .
n.=n, 00 and n.— and n,— this order is reversed. This result

although for
highlights the need of increasing the cluster size with the available power in order to mitigate

the effect of interference.

Comparing now the different lines in Figure 14, we observe that, independently of the cluster

size, the expected rate density increases with the available power. However, this increment has

a limit, which is illustrated in Figure 14 with the curves for M7 and 1, . In other

words, no matter how much power is available in the BSs, the expected rate density cannot be

higher than that shown in the curves with M. and n, . There curved were obtained

assuming a null noise power, i.e., N=0, in which case the network is clearly interference limited.

n":nyZI and

=n =10 . M =M =1 . M =M =4
1.=1, , the expected rate density is higher with ~ * Y than with ~— ~ Y ,

The best cluster size depends on the available power. Specifically, for

= = 1 %) o . . .
n.=, 00 and n.— and n= this order is reversed. This result

although for
highlights the need of increasing the cluster size with the available power in order to mitigate

the effect of interference.

Probably, the most unforeseeable result shown in Figure 14 is that the expected rate density

d, -0 d, »0
converges for * and

to the same value independently of the cluster size.
The convergence point, however, increases with the available power. This points out that, in
networks with very high density of BSs and UEs, it is beneficial to increase the available power,

and the use of interference avoidance mechanism is not critical.

Due to this surprising result, one may wonder if the same behaviour is exhibited when only the

BS density increases. This question in answered in Figure 17, when curves of the expected rate

—> oo
“and m,

density with n.— are shown for fixed UE densities. In particular, the figure
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. oL , M =M =1 M =M =3
shows results for all possible combinations of cluster sizes for — * Y to ~ y

M =M ) ) d, =d, =0.125 d,6 =d, K =0.5
(let -~ »always be true) and inter-UE distances of = % e Y

d, =d, =2 _ d, —0 d, >0
and - » . In this case, all the curves converge when and ™ but to

different values. The optimum cluster size depends on the inter-UE distance.

4.2 Achievable rates in the limits of densification

a)
0.281~
0.279™
§ 0.277~
o)
©
o
0.275N
0.273~ \
027 ) \\ ~
(0] 0 = . —< - 0-'[{3
S/[/O Y, 2)? \\\\ > e < 02’{5
(0) N __—
o x. 0o > N < 021 1 : \m\
3 X 9 . _— - a)(\s
s f; 04 >< 0_’[{9 \0n0 Y
v <G o U posiio” e

Figure 16 UEs achievable rate with respect to their location for dBx nearly equals to 0 and dBy nearly
equals to 0 with overlapped cluster.
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0.281

0.279

0.277

Rate [b/s]

0.275

0.273

Figure 17 UEs achievable rate with respect to their location for dBx nearly equals to 0 and dBy nearly
equals to 0 with non-overlapped cluster.

O.281W
0.279

0.277

Rate [b/s]

0.275

Figure 18 UEs achievable rate with respect to their location for dBx nearly equals to 0 and dBy nearly
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equals to 0 with both overlapped and non-overlapped clusters.

) ) d, =0 d, =0 )
In this section, we show results for the case * and ™ . The rates were obtained
using the achievable rates per resource element of the previous section, equally dividing the

resource elements among the UEs that share serving BSs as deduced in the previous section,

and assuming h=B=W=N=1 and 7 = 3,

1.8 T T T T T T T T T T T
,,,,,,,,,,,,,, I T— O
. + T T O
1.6 g e et [ e B
1.4 S
—_— — —
2 12 -+,
G
=
Q 1
o -
s
s (%
B
3 0.8
S} - S
8 n=m=1 M=M=l
5 06 —HB— n=n-1 M=M-~5
T —t— n=n-1 M, =M, =64
e g =1y =100 M= M, =1
0.4 | . e — 7,=1,=100 M, =M =8
S n,=1,=100 M, =M, =64
0'2 1 Il 1 1 1 111

107 10” d 10 10

Figure 19 Comparison of energy components.

d
Fig 19 expected rate density with respect to U with overlapped clusters. (where = %)

) M =M =4
Figure 16,17,18 shows the achievable rates for different UE locations when — * y ,
d =d, A =0.1 =n =100 -0
G and 1.=1, . This figure corresponds to the limit when and
dy, =0 : : : . : .
y of Figure 2-13. As advanced in the previous section, the achievable rate with

overlapped clusters converges to around 0.28b/s, independently of the UE position. Form the
figure, it can be observed that the uniform rate achieved with overlapped clusters is the

maximum rate achieved with non-overlapped cluster. Moreover, the performance of the non-

d, >0
overlapped clusters is damaged around the cluster borders, e. g., even when * and

d

B , although in the cluster centre the difference between the two types of clustering is
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negligible.

he expected rate density at the limit of densification with overlapped clusters is presented in

d, d M
Figure 19, with respect to %, > and for different values of MMy, and n«". It is

important to note that, since BS density is infinite, cooperation among BSs is essential for

M =M =1

scenarios considered in this figure. In the case, there is, however, no

interference coordination. BSs cooperate for the transmission to only one UE, without

Sy o . M =M >1
considering any potential interference caused to other UEs. Conversely, in the — * y

. . . . . M xM
cases, in addition to cooperation to transmit to a UE, resources are divided among * 7

UEs. Thanks to this, the sources of interference are distanced, although this is only beneficial

= = 1
if enough power is available in the UDE, as depicted by the different curves for =1,

=n =100 . _. . . o : .
and .=, in Figure 19. This result has an interesting interpretation. Even if the
density of BSs is infinity, a UDN with a finite available power along x-axis or along y-axis can

be noise-limited.

Another important conclusion of Figure 19 is that, for a particular available power per meter
along x-axis or along y-axis, the expected rate density converges to the same value when the
UE density increases, independently of the amount of UEs. A similar result was obtained in the
previous section, where we concluded that, for networks with very high density of BSs and UEs,
it is beneficial to increase the available power, and the use of interference avoidance mechanism

1s not critical.
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Chapter 5: Conclusion and Further Work

We have considered UDNs with densities approaching infinite that provide proportionally

fair rates to the user equipment.

We find that though there are two types of clustering techniques, the performance of
overlapped cluster is greater than or equal to the non-overlapped one, especially significant
around the cluster borders and in denser networks, so in the future work, we would consider
more about the overlapped clustering. What’s more, when the distance between base station is
nearly 0, the rates convergence to a certain value instead of infinite. And regardless of the cluster
size and available power per meter, the expected rate density converges when density increases,
and the convergence point increases with the available power. Because of this, in networks
which are very high density of base stations and user equipment, it is beneficial to increase the

available power.

In my model, I set the noise be a fixed constant, and in the future, I think we should make

the noise part be more precise to make the model be more reliable.
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Appendix
You must include the following here, in the order of:

%

X, (5,58)

In this appendix, we will obtain a power allocation T that solves (27). To do that,
we define

1
akx,ky,mx,my (Sx’s y) =L (A (5%, ),(1,”}'(5}, Yk, )om, m, (Sx’s y)

_ -1
bkx,ky,mx,my(sx’sy)_ 2 z L (R, (8, )+IK k(A

(sy )+jKy+k), ),m, M, (Sx ’ Sy )
i€Z\{0} jeZ\{0}

my,

K, K,

'y

kel
O-mx m, (xmx n, ’Sx ’Sy) - Ky Ky
d ' %+z Z b/(X ,ky Mgy, (Sx ’Sy)xkx ,ky Sy,
an ky=lky=1 i
* maXK e O.m ,m,('xm ,m,’Sx’Sy)
X mm (Sx’sy) Xpm eH Y x>y x>y
and note that x also solves ™™

. . . . K XK
And then, we will show that there is a permutation function of *  »elements for each

m_,m

X

y? n-m n
=" such that

a =>a

Zm, (W)mym, (Sx ,Sy) >... T, (K XK, )mem, (SX ,Sy)

b (U, m, (5,58,)2...2b

T
My sy,

»(Kx><K‘V ), m, (Sx ’Sy )

”’"x oy,

T D=(k .k
where "1"""}’() (k, g ).

And if

k-1 k-1
N
aﬁm n, (k),m, ,m (Sx ’Sy )(7 + Z bﬂm n, (k),mx,my (Sx ’Sy )) 2 bﬂm my(k),m\_,mv (Sx ’Sy )Z aﬂm n, (J)m,m, (Sx ’Sy)
x Ty 7 ]:] Xy - X ’ 7 /:l Xy K

b

then, we have that

90, K xK
——(x ,5,5)=20,Vx eH
ox m, 7 X2y m,,m

Ty, (K)o, m, oMy,

ke{l,..K XK }

Consequently, & "is the largest " that satisfies the previous expression.
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