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Nowadays, there are wireless systems that offer different class of services with large bandwidth
requirements. Nevertheless, to share their resources, such systems have to develop models in order
to allocate those resources among costumers.

Moreover, this kind of systéms has to counteract the effects of lossy channel, so Orthogonal
Frequency Division Multiplexing (OFDM) is implemented by them. Researches have been done
related to allocate the resources, being the Quality of Service (QoS) the main goal.

This thesis is focused on the carrier, in other words, a mathematical model is derived taking
into account the mobility of users and the system capacity instead of the QoS. Thus, the model
has long been modified to show the influence of the channel conditions.

Both models are developed as an s-dimensional birth- death process.The mobility of a user in
the system is modeled by different probabilities in the case of the session termination and of the
handoffs.

To show the performance of the system, the blocking probability and the net revenue are

presented. Finally numerical results are showed for different levels of mobility of the model derived.
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Chapter 1

Introduction

In these days mobile communication systems have to give higher capacity, bit rate and band-
width to users, because they use applications such as r;lobile TV, online gaming, multimedia
streaming , etc. Moreover, sophisticated devices are emerging and people want to be walking or
driving while they are connected each other.

The number of users in wireless mobile systems is growing, while the bandwidth that a system
has is the same. This kind of systems has to face the issue that the bandwidth is a scarce resource,
so it is needed to improve its use. So that more users can be served, because if a user requests a
service to a wireless network he must find an available channel. Another important aspect that
must be taken into account is to counteract the bad effects produced by the channel like intersymbol
interference (ISI) and the situations when the conditions are so bad that the session of a user can
not be established.

Most of the times the carrier is the one who offers the services in wireless systems, these
services can have different bandwidth requirements, so the best way to meet the requests of service
of the mobile users must be found. A performance measure that shows to the carrier the behavior
of its network is the blocking probability. Other effect that has to be evaluated is the handoff, i.e.,
when an active user moves from one cell area to other area of the same cell or to other cell. This
effect can be seen in the net revenue, which is very important for the carrier because it gives it
information about its profits.

So this work wants to develop a model that shows to a carrier how to allocate resources to
users according to the class of service, taking into account the channel conditions and the capacity
of the system. After, we consider different levels of mobility to see their effects on the blocking
probability and on the net revenue.

This model is derived as a multi-dimensional Markov chain, because the system provides more
than one class of service [1]. To diminish the intersymbol interference caused by the channel we
use Orthogonal Frequency Division Multiplexing (OFDM) where the total bandwidth is split into

narrower subchanels termed subcarriers, which will be grouped in blocks (resource blocks) and



then allocated to a user. Moreover, we use the channel model given by Gilbert-Elliot to describe

the behavior of the wireless channel.

1.1 Previous Work

Since the world of telecommunications has progressed very fast, some researches have been
done to exploit the spectrum for a wireless system and some algorithms for resource allocation

considering OFDM as the multiplexing scheme has been derived.

A system can have multiple classes of customers with different bandwidth requirements as
well as with different statistical characteristics for arrival rate and service, so can not be lumped
into a single class for its analysis. These kind of systems with K costumers types are analized with
chains termed multi-dimensional Marcov chains, [1]. We use this kind of model in order to explain
the evolve of the cell occupancy, because the wireless system to be analized has many services.
Others researches that use this kind of chains is [2], where m classes of traffic are sharing the
total capacity of a network and the other one is [3]. Although this works is focus in developing
a call admision protocol we see that a system with s classes of services can be modeled with a

multi-dimensional Markov chain.

The first work does not use OFDM, and does not take into account the lossy channel in order
to allocate the resources. The former is used in our work because the channel presents some effects
on the signal that affects its reception. For example, if the bandwidth of the transmitted signal
is higher than that of the coherence bandwidth of the channel (where the channel conditions are
highly correlated), the signal will be corrupted. With the use of OFDM we increase the robustness

against this channel effects.

About the allocation of the subcarrier in an OFDM system researches have been developed one
of them is presented by [4] where the allocation is focused on the maximization of the throughput
of the users, i.e., it searches the users that have the best channel conditions in order to assign
him subcarriers. Other research has been done by [5] where it is explained that the allocation of
subcarriers is done according to the QoS required by the users. This work considered a service’s
cost too, but their results are expressed in terms of total power consumption, so they focus on
the QoS. In [6] the assignment of subcarriers is done according the QoS that is translated in the
minimum guaranteed rate. The total revenue of the network is studied too, which is maximized
when the throughput of the users is high. In [2] the net revenue is calculated, but in this case for

different levels of mobility.



1.2 Problem Statement

The wireless communications are seriously affected by two situations. The former issue is
because the spectral resource is limited and the latter because the transmission medium is the
radio channel.

So the providers of wireless mobile services termed as carriers have to make efficient all their
bandwidth. Thus, more users can be provided with service. The other issue that has to counteract
is to minimize the effects of the channel on the signal transmission.

The subcarrier allocation in, (7], is done under the constraint of the transmit power and the Bit
Error Rate (BER), while their goal is to maximize the total data rate of the users. Other algorithm
to allocate resources is given by [8], who wants to ’ﬁnd the best allocation option that requires a
lowest total transmit power while the BER as Quality of Service (QoS) is met. The results shown
by the former are the average data rate according to the number of users or subcarriers and for
the latter is the total transmit power given a number of users in the system.

This is very important for the users, but we want to focus on the carrier. Thus this work
must derive a model that analizes the resource allocation in the wireless system, as well as the
handoffs of the costumers. Therefore, some performance measures like the blocking probability,
must be obtained to help the carriers get information about the behavior of its network. Because,

their profits depend on them, mainly the net revenue has to be maximized.

1.3 Objectives

This work wants to analyze the performance of a mobile system with a model developed to
share resources.

Specific objectives are listed below

e To obtain a mathematical model showing the behavior of a wireless network under different
levels of mobility, which takes into account only the resources available. On the other hand

it modifies the model to include the channel’s effects on the assignment.

e To derive a model of the net revenue for the system to see the difference when channel effects

are taken into account, as well as the mobility.

1.4 Justification

Currently the quantity of users that are served by a wireless mobile network is growing, so

that the bandwidth of a system has to be shared. Some researches has been developed to allocate



to users resources taking into account the channel behavior, they do it to maximizes the QoS, since
the requirements to do it is when some parameters like bit error rate, signal to noise ratio have to
meet an requirement. Moreover sometimes the algorithm of these researches is complex because
many comparisons must be made in order to allocate resources to a user, which implies higher
computational complexity.

Then we have to develop a model that exploit the bandwidth as first requirement, then allocate
the resources considering the channel conditions and finally giving performance measures under

mobility conditions. All this so that the carriers evaluate its network’s performance.

1.5 Organization

This work is composed of five chapters. Chapter 1 presents an introduction to this work as
well as the objectives and the motivation to do it. Chapter 2 presents the background of OFDM
used as a technique of multicarrier transmission, where concepts as subcarrier, resource blocks and
multicarrier transmission are defined to understand why ODFM is widely used, and also we present
wireless communciations systems that currently are using it. Chapter 3 shows the derivation of
the model to describe how the capécity is shared in a system with and without channel conditions,
its structure and the mathematical model to calculate the net revenue. Chapter 4 is focus in the
numerical results where the discussions of them are given. And finally Chapter 5 includes the

conclusions of this work.



Chapter 2

Multicarrier transmission

In this chapter we explain what the multicarrier transmission is, the characteristics of Orthog-
onal Frequency Division Multiplexing (OFDM) which is one of the transmission techniques used
in wireless communications, as well as some of the technologies that are currently using OFDM,

for example Long Term Evolution (LTE) and WiFi5 (811.2a).

2.1 Introduction

One of the goals of mobile communications is to provide higher transmission rates, so that
wider bandwidths are necessary. In order to achieve that goal, the system needs to cope with
corrupted signals to be received. Delay spread and frequency selective fading arise, the former
because the signal transmitted arrives via multiple paths, as shown in Figure 2.1, as a superposition
of signa.lé with different amplitudes, phases and delays, causing data pulses to overlap, producing
intersymbol interference (ISI) as shown in Figure 2.2. The latter is because the channel frequency

response is not constant, so the signal will be corrupted, [9], [10].

Figure 2.1: Multipath propagation, [10].

One way to counteract this phenomena maintaining at the same time high data rates and wider
bandwidths is to use multi-carrier transmission. Multi-carrier transmission, is used to transmit
several narrower bandwidth signals (hence forth called subcarriers or tones), which are multiplexed
to transmit them to the receiver via the same radio link, instead of transmitting a single wider

bandwidth signal, [11], [10].
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Figure 2.2: Interference intersymbol of a high data rate stream.
2.2 Multicarrier transmission

Propagation in the radio environment is affected by the multipath propagation. So, the mobile
radio channel is characterized in the time domain by the time variance and in the frequency domain
by the frequency selectivity.

The time domain is characterized by the speed difference between the receiver and the trans-
mitter v, and by the wavelength A, the relation between them is done by the so called Doppler
frequency shift given by

v = —cos(f) = %focos(0) = VUmazcos(6), (2.1)

where

¢: velocity of the light

fo: transmit frequency

6: angle between the direction of the received signal and the direction of motion
as we can see ¥ = Upq, when | cosf |= 1, ie. § =0, 7.

Now, if we transmit a signal at fy, because of the multipath the signal arrives with different
phases producing constructive or destructive interference, so the received signal in the time domain
will be variating in amplitude too, the last is called fading. Then we can say that the signal is
modulated in amplitude and phase by the channel.

When the modulation of the carrier is done by a digital phase, for example M-PSK, it may
have problems if the phase of the signal changes a lot during 75 (time to transmit a symbol
modulated digitally). If we relate the variation in the frequency with the variation in time, will

have a time scale as



1
tcorr =y, (22)

Vmax
where o is called correlation time (time duration where channel variations have high correlation).
If teorr < Ts we will have a time selective channel, therefore the signal will be under high phase

changes. So to have a good digital transmission we requires Ts < teorr, 1.€.

1
T, < , (2.3)
Umaz
Umazls K 1. (24)

The other characterization, is the frequency selectivity. The bandwidth of the channel that
has channel variations with high correlation, is called coherence bandwidth or correlation frequency.
Now, if the bandwidth of the signal is higher than that bandwidth we will have a frequency selective

channel, [12]. The correlation frequency is given by

1
fcorr = ;7 (25)

where 7 is the delay spread (time difference between the arrival of the first and the last component
multipath), [13].

Now, assume a digital transmission scheme with M-PSK as carrier modulation, where the
symbol durafion is Ts and the bandwidth given by BW = 1/T;. If we want to receive data without
ISI, the delay spread (7) has to be less than symbol duration time 7y, i.e., there will be frequency-
nonselective so the bandwidth of the signal will be less than the frequency of correlation given by

BW < feorr, that is

BW « %, (2.6)
BWr <1, (2.7)
T LT, (2.8)
(2.9)

Consider a system with only a single carrier, then the bit rate is Ry = logo(M )T ! where we
observe that the Ry is limited by the delay spread of the channel, [14]. To overcome this limitation
the multi-carrier transmission is used, it means that a serial data stream with high rate are split

into k parallel, [15], substreams with low rate, and each of them modules a different subcarrier,
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Chapter 3

Model Description

This chapter contains the mathematical derivation of the model that describes the capacity

sharing of the system, its structure and the decision Tules of the model for such sharing.

3.1 Model for resource allocation

In this section, we describe the OFDM system, resource use modeling, the user’s arrival
process, the basic assumptions, as well as mathematical notation. The cell occupancy when there
are more than one service has been introduced, in [2] and [1], in the former is analized the implied
costs for Multirate Wireless Networks, but for this work the effect of OFDM is considered when the
resources are allocated in sets of subcarriers, i.e., a channel or resource block is a set of subcarriers.

To exemplify, consider a cellular network with L hexagonal cells , with available bandwidth
BW,; that can take values as ¢ = 10,15,20M Hz, and effective bandwidth is BWg = BW; —
0.1BW; = BW; — BG, where BG is the guard band.

Each cell | = 1,2,..., L will be divided into two areas denoted as cell-center (¢) and cell-
edge (e), see Figure 3.1, which have ;. and wu;. users, respectively considered to be uniformly
distributed. The area of each hexagonal cell of radius R is A. = 3v/3R? /2 and the area of the
circular region of radius r is Ag = 7% = w(qR)?, where q is a proportion factor of the circle radius,
so the proportion of area that represents the circular region, see Figure 3.1, is given by

Ay n(qR)? 2,

Pa=20_ - .
4T A, T 33R22 343"

BWgp is divided into two parts, one for the cell-center (BW,) and the other for the cell-edge

(3.1)

(BWe). The former is assigned to the center of each of the L cells, and the latter is subdivided,
but now into three parts, one part is assigned to the cell-edge of three non adjacent cells, this is
repeated with another subdivision, and the remaining is assigned using the soft frequency reuse
scheme. See Figure 3.2, where center of cells 1, 3 and 4 is assigned block A and the edge is assigned

block B, C and D, respectively. The same assignment is done for the remaining cells.
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To calculate the blocking of a cell we use equations (3.5), (3.8) and (3.9) as follows

k
S A= B+ ol (1 - BYY)
E(S) ( p(k) (k))

where plk) (1-B (k)) is the offered traffic to center area of the cell [ and that is accepted, p (1 B (k))

B=1- (3.12)

is the offered traffic to edge area of the cell [ and that is accepted, and plC )y p(k) is the total offered
traffic to cell L.
Until now we have presented equations for each area of a cell, but to calculate the total offered

traffic to the network we derived it as follows

ZZ(A(’“) AR, (3.13)

I k=1
The blocking probability that is seen by a new user that requests a service k anywhere in the

network, i.e., the network blocking is calculated as

Y Y (A +2P) - By

Br=1-
T gy

(3.14)

3.2 Model for channel-aware resource allocation.

In the previous section the mathematical derivation of the model used for the allocation of
resources in‘ a system, channel conditions were not being taken into account. In this section, we
do include channel conditions, so the model will change a little as shown below.

For wireless communications the transmission medium is a radio channel, this has the property
that the bit error probability rate or the signal to noise ratio is varying in time, so this type of
channel are called time-variant channel. There are models that focus only on the distribution of the
receiver amplitude and the time-dependent correlation behavior of the channel, i.e., the channel
memory. The model for our simulation with that characteristics is the channel model of Gilbert-
Elliot, [28], which is applicable to describe a digital communication channel. This describes the
time periods when the signal is degraded, and it is given by a 2-state Markov chain. The wireless
channel can be only in two states, the state space is 8 = {good,bad}. The time that channels
remain in the good state has exponential distribution with mean 1/, after wich it goes to the bad
state to transmit and its duration period has exponential distribution too, but with mean 1/k.
When a user has requested a & service it is assumed that when he is in the good state of the channel
there will not be errors, but if the channel is in the bad state then the user may not complete its

session. A diagram that shows how a channel of a user is, is depicted in Figure 3.7, the session
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So the channels (RBs) can be available when a user ends his service session and when a
channel changes from bad to a good condition. The occupation of the resources arises when a new
user requests a service & and when a channel in good channel condition goes to a bad condition,

then the total offered traffic is affected with the following term that describes the last situation

1 1 1 1
_ I N VL R S 1
(RB "1)73<R3—n1) 6 2 (RB—m) (3.16)

where 3 is the number of subcarrier of a resource block, v is the rate for go from a good state to a
bad state and n; is the number of blocks. Recall that occupancy of a resource block can be only
when a user of class k service has arrived or when the channel is in the good state and goes to the
bad state, but only a event ocurrs in a interval of time. To describe the influence of the channel
conditions on the stationary distribution of the s-dimensional Markov chain, see Figure 3.9 , we

take Equation (3.4) and add the terms given by equations (3.15) and (3.16) as follows

-1

F) s
~ 0, 11 ® (] ®
Pla(n) = {p’“ 2RB—nk}+kZ ity (1 q“’”)+z{ (k—J)}

k=1 =1

[Z P Pla(ng) + Z (e + 1) 2 (1- 4, Pra(nf ](3 17)
k=1 k=1

The calculation of blocking probability for a new request of service & remains the same as that
of Equation (3.5), since Pﬂ(ﬁl already contains the modification due to the channel condition. But
we have to mention that now the offered traffic have to be calculated for each state of each service
at center and edge area of a cell, because the channel conditions now are influencing the occupancy
of the channels. To derive the total offered traffic for each state of the s-dimensional Markov chain

T s s Ty

for center and edge area at each cell we define n;, = (nl(i), nl(Z), (k) () ) witha ascore

depending on the area, then the total offered traffic for the center area is calculated as follows

RrB® 1
& 1 1 le
o @) =2+ (gpma )+ X AV ) - BOdEAw), (319
Lye

ﬂle=0

and for the edge area
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meA n,,,=0

n* =0,1,2,..,RB® —1and n® = 0,1,2,.., RBY - 1.
F’le (ﬂle)

Pe(me)= Y,  Peln),
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1316 (D-lc) = Z Plc(ﬂ) .

n: nf ) =constant



o) = Zpla ot (ny,) (3.22)

Zk lp(k)( B(k)) +Zk—1 l(:)(l _ B(k))

k
A+ A0

Since we have derived the expression to calculate the blocking of the cells, we can obtain the

B =1-

(3.23)

blocking of the network as follows

_ Y i (AF AP a - By
Bp—1- 22k 1<l/\T ) : (3.24)

L)

where
8

=3 308 a0 (3.25)
1 k=1

3.2.1 Net Revenue

A measurement of performance in a wireless network is the Net Revenue W, that is the revenue
that is generated when the traffic has been carried successfully, [2]. This revenue take into account
two concepts, first one generates a revenue wl(:) when the offered traffic of service k to cell-center
or cell-edge of the cell [ is accepted, i.e., ’\1(5)(1 — Bl(:))wla, where the last term has currency units
of revenue when a user is conected. The second term contains the offered handoffs of service k that
have been offered to center area or edge area of cell [ are blocked and those channels unavailable
because of interference and the outage in the area of a cell that causes loss for unsuccessful call and

services that are not completed with a cost of zl( °). Hence the net revenue is calculated as follows

k k k k K) _(k
WSS (- 80)uf? - S S -] B0 2o
I a k
where Bl(: ) is the blocking probabilitity of service k of the center or edge area at cell /.

Basic assumptions

e The number of resource blocks to each user depends on the service type

e When a handoff arises, the number of resource blocks that a user is using will be the same

in the following area. The handoff, can be intra handoff or inter handoff.

e To consider a resource block in bad condition two of the three subacarries of the RB has to

be inthe bad state.
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Chapter 4

Numerical Results

This chapter presents numerical results of the blocking probability by solving the model
proposed in Chapter 3 for a network of three cells With three services each one given by a 3-
dimensional Markov chain and the revenue of the network. .

Results are given for two sceneries:

e The model is evaluated regardless of channel conditions for the allocation of block resources.

o The solution of the model take into account the conditions of channel, i.e. not only is consider

if there are resources to be allocated but also if the channel has good or bad conditions.

In both scenaries presented the same levels of mobility are used, but in the case of the net revenue
the mobility changes to be higher in order to see how it affects performance.

As it was mentioned earlier after a dwell time some events arise like if the user that requested
a service continues using the resources, ends their request, or go to other area. So, we consider
that there is mobility when the user go to another area or cell, for each case the probabilities were
calculated, where the likelihood of leaving the resources for each service was fixed as well as that
to stay with the resources in the same area of each cell. Since the total likelihood must be 1, we
assume for the edge of a cell that the probability to go to the center of that cell is the same of

going to the edge of other cell. Equations obtained are

a2 =1- g a2 (4.1)
@ =1~ —a — ). (4.2)

Other consideration is presented when there is no mobility, i.e.

G +a =1 (4.3)
g +ay =1. (4.4)
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LApIC 4.1. JlIULaLIVIL pal allicueLd

Celly | Nggy [ 67 [ [6 | NV | A2 [ AP | u®
cell-center 30 il 2 5 | 5.130 | 2.250 | 1.102 1
cell-edge 10 1 2 5 | 0.6696 | 0.3298 | 0.1259 | 1
Table 4.2: Parameters for mobility for the three cells.
Mobility Type of service | qier | Qucel | Qe | Qlect | Gieem
1 0.90 | 0.025 | 0.90 | 0.025 | 0.0125
Low Mobility 2 0.92 | 0.02 | 0.92 | 0.02 0.01
3 0.94 | 0.015 | 0.94 | 0.015 | 0.0075
1 0.80 | 0.125 | 0.80 | 0.06 | 0.045
High Mobility 2 0.82 | 0.12 | 0.82 | 0.056 | 0.042
3 0.84 | 0.115 | 0.84 | 0.052 | 0.039
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Chapter 5

Conclusions

This chapter contains the general conclusions of this work, as well as some future work to be

developed are suggested.

5.1 General Conclusions

Using techniques like Orthogonal Frequency Division Multiplexing allowed me use the band-
width efficiently, the model obtained using the parameters given by this technique improves the
performance of the system because the interfence between users is reduced.

Since the model considers different class of services, I could see that service with higher
bandwidth requirement is blocked more quickly while other services can be requested by more
users. ‘

The blocking probability is higher when the channel conditions are added, i.e., when two of
the three subcarriers of the resource block are in the bad state, although the new request arrival
rate is the same as used for the scenario when the channel is not considered.

When I changed the condition that one subcarrier instead of two subcarriers of the RB is in
the bad condition in order to consider that RB is not available, the blocking probability was higher,
since the capacity is reduced faster because the available channels change to the unavailable state
more quickly.

The net revenue revealed that a wireless system works better under low mobility because
otherwise a service operator may be offer more traffic but the revenue will be less and the users
will be blocking with higher probability.

The optimization on the net revenue gives useful information for a carrier that takes decisions
according its capacity and the mobility of the users.

Finally with the model derived, the allocation can be done with lower computational com-

plexity.
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5.2 Future work

The model derived can be aplied under other conditions, for example the reservation of chan-
nels for hand offs can be implemented. Other situation is when the number of subcarriers that
contains a resource block can change dynamically, moreover the way to allocate them can be done
in other way, for example depending on the signal to noise rate that each subcarrier has. Other
parameter to be considered is the Average Fade Duration, since it reveals the hevahior of the

channel.
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