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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 systems 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 mobile 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 
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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. 
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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 

• 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. 

• 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 
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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 capacity 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. 
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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 signals with different amplitudes, phases and delays, causing data pulses to overlap, producing 

intersymbol interference (1ST) 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]. 

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]. 

Figure 2.1: Multipath propagation, [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 v 
v = -cos(8) = -f0cos(0) = vmaxcos{6), (2.1) 

where 

c: velocity of the light 

/o: transmit frequency 

8: angle between the direction of the received signal and the direction of motion 

as we can see v = u m a x when | cosO \= 1, i.e. 9 = 0, n. 

Now, if we transmit a signal at /o, 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 T3 (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 
6 



where t c o r r is called correlation time (time duration where channel variations have high correlation). 

If t c a r r < 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 <SC t c o r r , i.e. 

TS < , (2.3) 
Vmax 

VMAXTS < 1. (2.4) 

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 

/corr = ~ i (2-5) T 

where r 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 duration is TS and the bandwidth given by BW = 1/TS. If we want to receive data without 

ISI, the delay spread (r) has to be less than symbol duration time Ts, i.e., there will be frequency-

nonselective so the bandwidth of the signal will be less than the frequency of correlation given by 

BW <C fccrrr, that is 

BW < - , (2.6) 
T 

BWT < 1, (2.7) 

r « Ts. (2.8) 

(2.9) 

Consider a system with only a single carrier, then the bit rate is = log2(M)T~l where we 

observe that the Rb 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, 



see Figure 2.3 for k = 8. In this case in the frequency domain is seen as a parallel transmission, 

where the overall bandwidth is the same if the transmission were only using a single carrier. With 

this division the Ts is incremented k times, and the bandwidth of each subcarrier is B/k, [14]. 

single transmission 

— >\ 

multicarrier transmission 

Figure 2.3: Serial to parallel transmission with k = 8 subcarriers using a total bandwidth of BW. 

But, k has a limit, because the symbol duration time has to be less than time correlation 

so equation 2.4 has to be fulfilled, otherwise the symbol will be under a time selective channel 

and therefore the symbol will be corrupted. In order to meet simultaneously the requirement 

established by this equation and the equation 2.9 the coherency factor K = v m a x r has to accomplish 

the requirement K <C 1. 

There are two ways to implement multicarrier transmission, in the first one k subcarriers will 

be modulated individually, while in the second one, parallel data substreams excites an array of k 

adjacent bandpass filters, [14]. We will focus on the second option, because O F D M uses a bank of 

filters that can be implemented using the Fast Fourier Transform. 

In the second option a basis pulse g{t) is used, which has frequency-shifted replicas as gk(t) = 

ei2%fktg(t), for example, if g(i) = g\{i), then / = 1 and each gk(t) will have / = The k (or fc+1) 

symbols to be transmitted will use different pulse shapes gk(t) in each time instant I, it means that 

each sub stream will pass trough a different bandpass filter, see Figure 2.4. The outputs are added 

and then are transmitted by a same RF. The complex baseband signal to be transmitted is, [14], 

s(t) = J2Y,sM9k(t-lTs), (2.10) 
l k 

where gk(t) is the pulse shape in the time instant I and frequency k, given by 

(2.11) 



Figure 2.4: Multicarrier transmission scheme. 

2.2.1 Basic principles of O F D M 

Orthogonal Frequency Division Multiplexing (OFDM) is a kind of multi-carrier transmission 

that exploits bandwidth because of orthogonal subcarriers, where the subcarrier spacing is lower 

than that of Frequency Division Multiplexing ( F D M ) . O F D M splits the information in blocks of N 

symbols; it means that a serial data stream with high data rate is divided into data streams of N 

parallel symbols which have a lower data rate. Those symbols will be transmitted by modulating 

iV lower bandwidth subcarriers. In the time domain each subcarrier modulated has rectangular 

shape, so its spectrum has a sin(x)/(x) shape, as can be seen in Figure 2.5, [11]. 

Figure 2.5: Spectrum of N orthogonal subcarriers separated by A ^ . 

As an example consider a data stream that is divided in blocks of five modulation symbols, 

so the bandwidth BW will consist of five subcarriers to be modulated by them, then the outputs 

are added to produce an O F D M symbol. After conversion of the data stream from series to 

parallel, the modulation symbol will be N times larger, so each symbol O F D M will have the 

same duration, then the harmful by multipath echoes will be lower. It can be seen the Figure 
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2.6, where the modulation symbol time (in this case is formed by only a bit) is Tu, so the time 

on each subcarrier is Ts = NTU = 5TU, the bit rate is Ru = NRS, the Baud rate is given by 

Rs = 1/TS = 1/NTU = Ru/m and the spacing between subcarriers is Af = 1/TS. 

Figure 2.6: Increasing the modulation symbol duration by N times. 

where the modulation symbol can be obtained from different modulation schemes, such as QPSK, 

16QAM or 6 4 Q A M . 
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Implementation 

An analog scheme for O F D M transmission has a data source followed by a block S/P in order 

to split serial data stream into N parallel data streams, then they are modulated by N complex 

modulators, each of them representing one O F D M subcarrier. 

The O F D M signal is 

(2.12) 

where Cn,i is the complex modulation symbol at the time instant i applied on the n-th subcarrier 

and gn(t) is the wave form for the n-th subcarrier, which is 

If only the i-th O F D M symbol is considered, this is expressed in the interval iTs <t < (i + l)Ts 

as 

(2.13) 



Now, if we take two modulated subcarriers in iTs < t < (i + 1)TS the orthogonality between 

them is because the following relation is fulfilled 

(2.14) 

and the subcarrier separation is A j = 1/TS, which maintains the orthogonality with a very low 

separation between them, this can be seen because the maximum of a subcarrier is in the null of 

the other ones. 

An inconvenience of using analog scheme is its high complexity and cost, since it needs high 

precision local oscillator for each subcarrier. An alternative O F D M transmission scheme is to 
i 

subject the modulation symbols to an Inverse Fast Fourier Transform ( IFFT) , to transmit them 

later. Consider an O F D M symbol, for example for the time i = 0, and sample it at instances 

t/c = kTs/N, to obtain 

(2.15) 

If we observe, this is the Inverse Discrete Fourier Transform ( IDFT) of each symbol, therefore 

we can use a digital transceiver as shown in Figure 2.7, where the IDFT is realized by the IFFT 

block, and the number of samples (number of symbols) is the same as the number of subcarriers 

and the size of the samples regularly is a power of 2, and at the output there will be N values to 

be the input of a P / S block to be transmitted. 

The receiver does the reverse operation, i.e., the signal reaching the transmitter passes through 

an S/P conversion, then the Fast Fourier Transform (FFT) is performed to obtain the estimate 

cn of c , [11], [10]. 

Figure 2.7: Digital implementation for transceiver O F D M , [11]. 

Cyclic-prefix 

Although subcarriers are orthogonal, the time dispersive channel causes not only interference 

between them and frequency- selective fading, but also intersymbol interference, as a result of a 
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corrupted signal being received. So a way to reduce this interference is to use a cyclic prefix (CP) . 

The received signal is the result of the linear convolution between the signal transmitted and the 

channel impulse response, so the length of the symbols in the receiver will be higher, this means 

that the length of the symbol is N and the length of the channel impulse response is L, then the 

length of the convolution of them is TV + L — 1. If the following symbol is transmitted immediately 

afterwards, there will be an overlap of length L — 1 on it. This is the reason of the CP, that is to 

add the last L — 1 samples of the transmission symbol at the beginning of it. Now, the duration 

changes of Ts to T's = TS + TCP, [16], [11]. 

On the receiver side, the first block composed by filters will remove the cyclic prefix, then 

the remainder will be a cyclic convolution of the transmitted signal and the channel impulse 

response. The transceiver with CP is shown in Figure 2.8. The data stream is S/P converted. 

Each block is subjected to IFFT and then the last L — 1 samples are prepended. The signal is 

modulated on a carrier and sent by the radio channel, which adds noise. At the receiver the 

cyclic prefix is removed from the signal, then passes through an S/P conversion, the remainder 

is subjected to Discrete Fourier Transform implemented by the Fast Fourier Transform (FFT) , 

the output is divided by the channel attenuation, i.e. the samples are equalized, to get ON o(CN, [11]. 

Receiver 

Figure 2.8: Transceiver O F D M with Cyclic Prefix added, [11]. 
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In O F D M systems the condition of the channel of each sub-band needs to be estimated, a 

method is to use pilot symbols (reference symbols). The information of the estimation is useful in 

order to use subbands with the best condition (high signal strength), because more bits can be 

sent using these subcarriers and those with low quality will take fewer bits, so symbols of each 

subcarrier will be able to use different modulation schemes, [11]. 

2.2.2 O F D M - b a s e d Wi re l e s s C o m m u n i c a t i o n Sys tems 

Orthogonal frequency division multiplexing not only can be use for s single mobile user, i.e. 

O F D M can be used as a multiple access scheme, where different subsets of subcarriers are assigned 

for each mobile user. In the downlink in a O F D M symbol time many users can be served using 

different subsets of subcarriers, while the uplink data transmission are received from different users 

using different subsets of subcarriers of all available. 

Subcarriers subsets used for transmission to/from user equipment can be grouped in two ways: 

in adjacent way, subcarriers are contiguous and in interleaved way, subcarriers are equidistant from 

each, this is illustrated by figures 2.9 and 2.10 respectively, [10]. . 

Figure 2.9: Subsets of adjacent subcarriers for downlink and uplink, [10J. 

Figure 2.10: Subsets of distributed subcarriers for downlink and uplink, [10]. 

Because of its robustness against signal corruption, O F D M is being used by some technologies 

as multiple-acces scheme, such as WiFi5 (IEEE.811a) and Long Term Evolution (LTE) . Each of 

them will be explained in the following. 
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Long Term Evolution (LTE) 

Long Term Evolution is the standard for the fourth-generation (4G) mobile systems created 

by the 3rd Generation Partnership Project (3GPP) in response to the requirements of the 

International Telecommunication Union to provide services like mobile T V , online gaming, 

multimedia streaming, etc. with higher peak data rate, quality and lower latency, [17], [18]. 

OFDMA in LTE 

Long Term Evolution has been designed to provide peak data rates of 300 M b / s in the DL 

and 75 M b / s in the UL whit antenna configuration of 4x4 M I M O , a radio-network delay below 5 

ms in a bandwidth of 20 MHz, addressing bandwidth scalable for 1.4, 3, 5, 10, 15, 20 MHz, among 

others, [19]. 

From now on we will focus on the technique of multiple-access scheme used for the fourth-

generation of mobile communications. LTE as stated has different channel bandwidths, BWi 

where i = 1.4,3,5.10,15,20 MHz, but with an effective bandwidth of BWE = BWi ~ BG, channel 

bandwidth less band guard, where BG = O.lBWi. This standard in order to meet the requirements 

about higher spectral efficiency with a low cost per bit at the same time, has selected O F D M as 

a multiple-access scheme for the downlink. Remember that this technique is an example of a 

multicarrier transmission so the BWE is divided into subcarriers, where the channel spacing is 

Af = 15 kHz, because this is enough to counteract the Doppler shift because of the velocity or 

imperfections in the implementation. The A ^ is fixed and is independent of the channel bandwidth. 

As was mentioned in the implementation section, since the subcarriers are orthogonal the adjacent 

subcarriers have zero value when the desired subcarrier is sampled, as depicted in Figure 2.11, [20]. 

Figure 2.11: Orthogonal subcarriers: the desired subcarrier has maximum value while other ones 
have zero value, [20]. 
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Since each BWg is divided by Af, we have different number of subcarriers Ngc- which are 

grouped in the frequency domain into subsets named resource blocks with a number of subcarriers 

n of 12 each, so the minimum bandwidth allocated to a user will be 180 kHz, as it can be seen in 

Figure 2.12. Therefore in LTE the number of resource blocks ranges from 6 to 100 corresponding 

to a effective bandwidth ranging from around 1 MHz up to 18 MHz, [10]. The Table 2.1 shows a 

resume of the transmission bandwidth with its respective split. 

Figure 2.12: Example of the division of the BWE = 9 MHz in subcarriers which in turn are grouped 
into resource blocks. 

Table 2.1: Channel bandwidth divided into resource blocks in LTE 

For a system with the higher bandwidth (20MHz) included in the Table 2.1 the raw symbol 

rate is 18Mbps, where for each 15kHz subcarrier that is 15ksps. If the modulation scheme used 

is 6 4 Q A M (6 bits by symbol) , the raw capacity is 108Mbps. Since the minimum resource to be 

allocated to a user is a resource block (180kHz), the raw symbol for him is 180ksps, whereas 

the raw capacity is 1.080Mbps when 6 4 Q A M is being used for the modulation, [21]. About the 

spectral efficiency this technology offers 5bits /s /Hz on the downlink and 2.5 b i t / s /Hz on the uplink. 

SC-FDMA in LTE 

Although O F D M A is a g o o d option for the downlink is not for the uplink, as this has a 

high peak to average power ratio ( P A P R ) . O F D M in the frequency domain is made up of many 

subcarriers, which in the time domain are several sinusoidal waves added with their respective 
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frequency and with a channel spacing of 15 kHz, so the envelope of the signal O F D M has very 

pronounced fluctuations. 

If we use this for the uplink we will have a low power efficiency or the output power of the 

power amplifier of the user equipment may be lower, ie, the amplifier will need to use more back-off 

if it is fed by a signal with a high envelope variation as is the case of O F D M compared to a single 

carrier signal. 

As a result the uplink range can be lower or the battery energy lasts less because the power 

amplifier has more consumption although the same average output power level is maintained. For 

the UL the latter is not a problem because it is the base station, which is large in volume and 

is connected to the mains but for the UL the user equipment only has its battery. This is the 

reason why 3GPP chooses a modified version of O F D M named Single Carrier Frequency Division 

Multiple Access ( S C - F D M A ) for the uplink, [20]. 

S C - F D M A is a multiple access technique that uses the modulation scheme named Single-

Carrier Frequency-Division Multiplexing (SC-FDM). According to, [22], its evaluation for the 

PAPR, gives a P A P R 2.2 dB higher for O F D M than for SC-FDM, with 100 MHz bandwidth 

configurations and 16-QAM as modulation scheme. 

The difference with O F D M is that before the IFFT operation on the modulation symbols the 

F F T is performed, it would be seen as a pre-coded O F D M . In this scheme all the subcarriers are 

modulated by all modulation symbols, ei, although the overall transmission bandwidth is split into 

several subcarriers all these are modulated by the same symbol, so in a SC-FDMA symbol time, 

M complex subsymbols are transmitted in serial way, while a O F D M symbol although its duration 

is the same its transmission is in parallel way as shown in Figure 2.13, [22], [10] and [23]. 

Figure 2.13: Difference between the transmission of an O F D M symbol and an S C - F D M A symbol, 
[23]. 
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From the Figure 2.13 we can observe that M subsymbols are transmitted in SC-FDMA, so 

the envelope resulting of the signal is constant giving a peak to average power ratio lower than 

that of O F D M and therefore an appearance of a single-carrier can be obtained. Furthermore from 

channel frequency selectivity can be obtained advantage, as the symbols are in all subcarriers and 

although some of them are in deep fading, the information can be recover from those that have 

better channel conditions, [22]. 

Resource allocation 

We had already talked about O F D M A but we have not explained how the subcarriers are 

grouped into resource blocks, which will be allocated to the users. The configuration in SC-FDMA 

for the transmission bandwidth is the same as to O F D M A , the same channel spacing, the number 

of subcarriers and the number of resource blocks. Subcarriers allocation can be done into two ways 

the distributed and localized as O F D M too. 

In distributed manner when the subcarriers are equidistant it will be referred as Interleaved 

( I -FDMA) , while for the localized manner the subcarrier are adjacent as depicted in Figure 2.14. 

Since the wireless communication is a multi-user scenario we have to choose the best option to do 

the resource block allocation among all users. Both have benefits, but the most common strategy 

is to use L - F D M A because according to, [22], [24] and [25], it offers better P A P R characteristics 

than I -FDMA, its gain is about 2.7 dB. 

subcarriers in I-FDMA 
Figure 2.14: Subcarrier allocation for three users with 12 subcarriers each one. 

WiFi5 ( 811.2a) 

The standard 811.2a was created by the 811.2 Working Group ( W G ) , because higher data 

rates were requested by users. This standard for example in U.S.A. uses three frequency bands, 

the lower band (5.15-5.25 GHz) , the middle band (5.25-5.35 GHz) and the upper band (5.725-5.825 

GHz) called the Unlicensed National Information Structure (U-NII) bands, which are less crowed, 

with a total bandwidth of 300 MHz. The transmit power is 40, 200 and 800mW, for the lower, 

middle and upper band, respectively, [11]. 
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Since the bandwidth is fixed, the Ts have to be calculated taking into account the delay spread 

r m that range typically from 40 to 200 ns in indoor transmission whereas for outdoor environments 

ranges from 1 to 20 fis, [26], so the cyclic prefix is chosen following a guideline that says it should 

be two or four times the average delay spread. Normally, most systems add a margin for error to 

the delay spread, so for 811.2a has been selected a cyclic prefix of 800ns and the symbol time is 

four times the cyclic prefix, ie, 4/us, [27]. 

The number of subcarriers established in WiFi5 are 64. Each operating channel has a BW = 

20MHz, although it is divided into 64 subcarriers, only Nsc = 52 are used while the other 12 

tones are null-carriers with a channel spacing of 0.3125 MHz. The tones to be modulated and 

transmitted are numbered from —26 to 26 as depicted in-Figure 2.15, but that with number zero 

is no used because of signal processing and the tones -27, -7, 7, and 21 are used as pilot symbols, 

so the 48 subcarriers remaining will be used to transmit data, [11], [27]. 

On modulation scheme to be used will depend on channel condition, among them are BPSK, 

QPSK, 16-QAM or 64 -QAM. The coding rate will choose according to the requested data rate, 

802.11a uses a convolutional encoder with coding rates 1/2, 2/3 or 3/4. Finally the data rates 

provided are 6, 9 ,12 ,18, 24, 36, 48 and 54 Mbps, [11]. 

Center 
frequency 

Figure 2.15: Division of a O F D M channel in WiFi5, [27]. 
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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 rules 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 

BWi that can take values as i = 10,15,20MHz, and effective bandwidth is BWE = BWi -

O.lBWi = BWi - BG, where BG is the guard band. 

Each cell I = 1,2, ...,L will be divided into two areas denoted as cell-center (c) and cell-

edge (e) , see Figure 3.1, which have u; c and U( e users, respectively considered to be uniformly 

distributed. The area of each hexagonal cell of radius R is AC = 3v / 3i? 2 /2 and the area of the 

circular region of radius r is AQ = 7rr 2 = n(qR)2, 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 

PA ~ AC - 3^ /2 ~ 3V3* • ( 3 ' 1 } 

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

(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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Figure 3.1: Circle area proportion 

cell - center cell - edge 

Figure 3.2: Seven-cell hexagonal system with soft frequency reuse scheme 

As mentioned in the previous chapter, O F D M A divides the overall bandwidth into nar

rower bandwidth subcarriers, so BWE is divided into NSC (total number of subcarriers) with 

channel spacing A / . Then, they are grouped into resource blocks, there will be NRB (number 

of resource blocks) for each cell-center and cell-edge, see Figure 3.3, so the total number of 

resource blocks will be the capacity C ; e for cell I in the edge area and C\c for cell I in the 

center area. Let A\ be the cells adjacent to cell I. Each user will be allocated a subcarrier 

or a resource block as minimum resource, it depends on the service requested. We consider s 

types of services in each area at each cell with as the bandwidth required for service k = 1, 2 , s . 
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Figure 3.3: Resource blocks as capacity for center and edge area of each cell 
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For the new call arrival process for service k to cell I, we use the Poisson process with rate 
(k) 

for the center in cell I and X\e for the edge in cell Z, where arrival process is independent of other 

new call arrival processes. The time that a requested service k remains in 

is known as dwell time, which has an exponential distribution, with mean 

respectively. After a dwell time, the service request can remain in the cell, leave the network, go to 

an adjacent area within the cell or go to the contiguous cell area, each event has its own probability 

to occur. 
In the cell-center we have the following probabilities: 

probability that a service k user in center of cell I, after a dwell time, departs from the 

probability that a service k user in center of cell I, after a dwell time, moves to the edge 

Le same cell I. 

probability that a service k user, after a dwell time, continues using the same resource in 

r area of cell I. 

le edge area after a dwell time, we have the following probabilities too 

probability that a service k user in edge of cell I, after a dwell time, departs from the 

probability that a service k user in edge of cell I, after a dwell time, moves to the center 

le same cell I. 

( probability that a service k user in the edge of cell I, after a dwell time, moves to the 

of the cell m. 

probability that a service k user, after a dwell time, continues using the same resource 

je area of cell I. 

network. 

area of the 

the center i 

In the 

network. 

area of the same 

edge area of the < 

J*) ™ u „ u ; 

in the edge are 



To exemplify this, Figure 3.4 shows a network of three cells, where we can observe the inter

action between each cell after a dwell time, where the probabilities are as those described before. 

Figure 3.4: Three-cell hexagonal system with interaction between them. 

The total sum of the probabilities in each area must be one. As follows, for the center of each 

cell I we have 

(3.2) 

and for the edge of each cell I 

(3.3) 
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We assume that cell occupancy evolves according to an s-dimensional birth-death process 

independent of other cells. To obtain the s-dimensional Markov chain, we first establish the 

following, lei )e the space of feasible states, i.e., ! where 

n = (n i , r i 2 , n s ) is the state of the area center or edge at cell / with being the active number 

of service k sessions. Let vhere a can be center (c) or edge (e) area of cell I, be the set of 

blocked states for traffic class k, i.e. ?his statements can be 

understood as established in Figure 3.5. 

We assume that the total offered traffic is given by '' is the offered 

traffic to area a of the cell I and is the term for the handoffs offered traffic from adjacent areas 

and cells. Finally, the rate of departure of a state of service type k of the area a from cell I 

is given by ) , i.e., njfe is the state that is left, s the rate and 1 — is the 



Figure 3 .5 : Birth-death process of a cell with s = 2 , C = 6 , b\ = 1 and 62 = 3. 

likelihood of ocurring the event. So to get the stationary distribution of the s-dimensional Markov 

chain of cell I, we establish the global .balance equations, where we use the normalization given 

^ £ (m , . . . ,n s ) en (C) Plain) = 1- The equation ( 3 .4 ) gives that probability and Figure 3.6 shows a 

2-dimensional birth death process in a cell. 

(3.4) 

where nt = (nl> n 2 , —, nfc-i, nk + 1, n / t + i , n s ) and = (m, n 2 , n f c - i , n f e - 1, n k + i , n s ) . 

Having obtained the probability of being in state n, in area a at cell I we calculate the blocking 

probability of a new request of service k, given by 
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(3 .5 ) 

As mentioned is the offered handoff traffic, in other words, the requests of service k that 

originate at area a that were accepted, and that go to other area of the same cell, or go to the 

area of other cell with its respective probability, i.e., 

handoff rate for cell-center and cell-edge are 

So the 



Figure 3.6: 2-dimensional birth-death process with C = 6 , b\ = 1 and hi = 3. 

(3.6) 

Using Equation (3.6) the total offered traffic for center area of cell I is given by 

(3.7) 

and using Equation (3.7) , the total offered traffic for the edge area is 

(3.8) 

(3.9) 

The total offered traffic to center area of each cell using Equation (3.8) can be calculated as: 

W 

and using equation (3.9) the total offered traffic for the edge area of a cell is given by 

W 

fte = E^e } ' 
fc=l 

(3.10) 

(3.11) 
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To calculate the blocking of a cell we use equations (3.5), (3.8) and (3.9) as follows 

u i Eiu PIXI - 3Jfc))+ELi ?Lfc)a - Bt]) 
B l = l v-W / (it) , (kh • [ 6 ' 

YXLMc+Ple) 

where P^{^ — B\^) is the offered traffic to center area of the cell I and that is accepted, p[g'(l — B^*) 
Ik) (k) 

is the offered traffic to edge area of the cell I and that is accepted, and plc + p\e is the total offered 

traffic to cell I. 

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 

v = EE(\(c)+\(e))1 (3-13) 
( k=l 

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 

E.EU M } + Aff) (i - bo 
BT = 1 * . (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 Q, = {good, bad}. The time that channels 

remain in the good state has exponential distribution with mean 1/7, 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 k 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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total duration is denoted as t s , with U = 0 as the time when the session initialized. After that, 

the channel go to the good state of wireless channel or to the bad state and so on. The t s can be 

divided into cycles, where the channel in each cycle is in the good and then in the bad state of the 

wireless channel, with a time duration of t9ti and %%, respectively, where i is the i — th cycle, [28] . 

Figure 3.7: Description of the evolution of a lossy channel in a wireless network. 

For our system the Markov chain is depicted in Figure 3.8, where 7 is the rate at which a 

subcarrier goes from the good to bad state and K represents the reverse situation. 

Figure 3.8: 2-state Markov chain that describes a digital communication channel. 

Recall that each resource block is a set of three subcarriers and assume that a RB is in the 

bad state of the channel if two of the subcarriers are in that condition. If we are in a state of 

the 3-dimensional Markov chain and we focus on service 1 of area e at cell I of the network, we 

establish that if a RB that is in the bad state of the channel changes to the good state of the 

channel then that RB leaves that unavailable state and now is in an available state. For this we 

have for the service 1 

J=0 K 

where 

3:number of subcarrier of a resource block 

K: rate for go from a bad state to a good state 

j is the j-th resource block that is busy, 

n\: unavailable resource blocks, 

ni — j : resources blocks that are in the bad state. 

(3.15) 
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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 k 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 

(3.16) 

where 3 is the number of subcarrier of a resource block, 7 is the rate for go from a good state to a 

bad state and ni 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 

The calculation of blocking probability for a new request of service k remains the same as that 

of Equation (3.5), since P^ia 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 

for center and edge area at each cell we define U[A = ̂ Ti|p,n|̂ , . . . , n j* \ with a as c or e 

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

(3.18) 

and for the edge area 
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Figure 3.9: 2-dimensional birth-death process with RB\ = 6, . R B 2 = 3, ni = 1 and n 2 = 2. 

+ E E PLIWf i -^CeAeW' (3-19) 
MEAINME=0 

where n j ^ = 0 , 1 , 2 , R B ^ — 1 and nj™ = 0 , 1 , 2 , R B \ ^ - 1. The expressions to calculate the 

probability to be at state N with service K in the center or edge area of the cell I denoted as P\E (nj e ) 

and PIC (n j c ) are given by considering a specific constant value of nj*^ and N$, respectively, as 

follows 

(3.20) 

(3.21) 

Now to obtain the blocking of a cell we derive the equations to the total offered traffic to 

wherever area of a cell as 
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pfj = 2ZP^)P?a\ma) (3-22) 
a 

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

blocking of the network as follows 

Br = l * - - - . (3.24) 
where 

l k=l 
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 VJ\^ when the offered traffic of service k to cell-center 

or cell-edge of the cell I is accepted, i.e., A |^( l — B^)wia, 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 I 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 zj£. Hence the net revenue is calculated as follows 

* = E E E ^ (i - <fe)) -Lfe) - E E E Kfc) - *«-(*)] <fc)ife) 0.26) 
l a k I a k 

(k) 
where B\a' is the blocking probabilitity of service k of the center or edge area at cell 

Basic assumptions 

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

• 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. 

• 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: 

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

• 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 

«£L = i ( 4 - 2 ) 

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

« s + « a = i (4-3) 



4.1 Resource allocation in OFDM systems regardless channel con
ditions 

This section studies channel availability, therefore the blocking probability returns infor

mation about how the resources are being occupied when the new service request arrival rate 

is growing. The scenario is a 3-cell network, where each cell has a center and edge area as well 

as three types of services s = 3, see Figure 4.1. The effective bandwidth is BWE = 2.1MHz, 

this was taken from Table 2.1 where are included the ranges of bandwidth for LTE. This narrow 

bandwidth enables a smooth transition to the spectrum of precedent mobile systems, [29]. With 

2.1MHz the raw rate is of 16.2Mbps when the scheme.of Modulation is 64 Q A M . Now the BWE 

is divided into subcarriers where the channel spacing is A / = 15kHz and the total number of 

subcarriers are Nsc = 2.1MHzj\hkHz = 180. 

Figure 4.1: 3-cell hexagonal network. 

Number of subcarriers for center and edge area is calculated as Nscc = 180/2 = 90 and 

Nsc,e — 180/6 = 30, respectively, but the resource is given in sets of three subcarriers so the 

number of resource blocks for each area is NRB,C = 90/3 = 30 and NRB,e = 30/3 = 10. The center 

area of each cell has the same resource blocks, whereas the edge of each cell has different resource 

blocks, see Figure 4.2. The bandwidth requirements in resource blocks for services type 1, 2 and 

3 are b\ — 1, 62 = 2 and 63 = 5 respectively in both areas of each cell, because if a user requested 

the service 1, 2 or 3, and goes to other area he will be using the same capacity. 

The new service request arrival rates, bandwidth requirements for service type 1, 2 and 3, 

and number of resource blocks are given in Table 4.1 where only one cell is considered, because 

the remainin cells are the same. 

Probabilities calculated for simulation are shown in Table 4.2, where the high and low mobility 
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cell — center cell—edge 

Figure 4.2: Capacity for eah area at cell I. 

Table 4.1: Simulation parameters 

are regarded. Probabilities for qicr and qier shown that 90%, 92% y 94% of the users that were 

using resources of type service 1, 2 and 3 respectively will leave the network after the dwell time 

finishes for low mobility, whereas for high mobility decreases the percentage to 80%, 82% and 84%. 

Meanwhile likelihood for active users will go to other area of the same cell after that time is higher 

than that to go to other cells regardless of mobility. 

4.1.1 B l o c k i n g results 

To obtain the results, the new service request arrival rate for all services on center area and 

edge area at all cells were constant except for center of cell 1 with type service 1. Figures 4.3 to 4.5 

show likelihood when a service request of wherever service ends and leave the network (q$ = 1). 

Figure 4.3 for service 1 of the center area of the cell 1 shows blocking probability that starts from 

0 because its offered traffic parameter is being varied, whereas for services 2 and 3 already exist 

a nonzero new service request arrival rate. It is seen that service 3 has higher blocking when the 

arrival rate begins, this is because the resource block requirement for it is higher than that of other 
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ones, so when a user that need service 3 arrives, he takes 5 resource blocks, but there are still 

resources to meet other services. While new arrival rate is growing the users to be blocked at the 

beginning will be those who need service 3, after those of service 2 whose band requirements are 

two resource blocks and finally those that use service 1 since only a resource block is used. 

New service request arrival rate to cell-center 1 (Type 1)1 
Figure 4.3: Blocking probability where is no mobility for center area of cell 1. 

To users at the edge area of cell 1, blocking probabilities are higher because of resource blocks 

are less than those for the center area, besides in the no mobility case are constant as seen in 

Figure 4.4. 

5 10 15 20 25 30 
New service request arrival rate to cell-center 1 (Type 1) 

Figure 4.4: Blocking probability without mobility for edge area of cell 1. 
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Figure 4.5 shows network blocking probability calculated with Equation (3.14) as a function 

of the arrival rate. It can be seen that a network blocking is less than 2% when the new request 

arrival rate for cell-center 1 is approximately 9.6, for this rate we calculate it as porcentaje of the 

total trafffic offered to network given by Equation (3.13). Then maximum offered traffic rate in 

that area is 28.83% of the total offered traffic to network to meet that probability. 

Figure 4.5: Network blocking probability without mobility, q}J = 1. 

For low mobility the blocking probabilities for each service at center of cell 1 are shown on 

Figure 4.6. It can be seen that for service 3 the blocking probability grows faster than the other 

ones because the bandwidth requirement is greater. Using the Equation (3.10) we can calculate 

the the total offered traffic to center area of the cell 1, now if it is considered that new service 1 

request arrival rate is aproximately 6 as can be seen in that figure in order to be under a blocking 

probability acceptable of 2%, then with that request arrival rate we can calculte what percentage 

of pic is being offered to service 1 in the cell-center 1, in order words, the new service 1 request 

arrival rate of aproximately 6 corresponds to 63.95% of the total offered traffic to center area. 

For the cell-edge 1 likelihood is bigger than likelihood for cell-center 1 because (Figure 4.7), as 

mentioned above the bandwidth requirements are the same but the capacity is three times lower. 

If we compare the blocking probability when there is no mobility (see Figure 4.4) it can be seen 

that there will be more than 2% of blocking probability for for cell-edge 1 with the same new 

service request arrival rate. 

35 



—*— Blocking probability of service 1 
—G— Blocking probability of service 2 

Blocking probabilrty of service 3 
Blocking probability of cell 1-center 

°0 2 4 6 8 10 12 14 16 18 20 New service request arrival rate to cell-center 1 (Type 1) 
Figure 4.6: Blocking probability for each service at center of cell 1, with low mobility. 

u 1 1 1 1 1 1 1 1 1 0 2 4 6 8 10 12 14 16 18 20 New service request arrival rate to cell-center 1 (Type 1) 

Figure 4.7: Blocking probability with low mobility for edge area of cell 1. 

Now, in Figure 4.8, it is shown that new service request arrival rate has decreased slightly 

compared to the rate for the center of the cell, to maintain good total blocking probability in cell 

1. The blocking increases when there is high mobility since the probability that a user leaves the 

area where he starts the service and go to an area of the same cell has grown and is greater than 

the probability of going to other cells (see Table 4.2). If users start to go to other cells with a 

higher likelihood then adjacent cells to cell 1 will experience a higher blocking as is depicted in 

Figure 4.9. This figure shows how blocking grows for cell 2. 
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Figure 4.8: Blocking probability with low and high mobility for cell 1. 

Figure 4.9: Blocking probability of cell 2 where low and high mobility is considered. 

Figure 4.10 shows the comparison of the network blocking probability as a function of the 

arrival rate for different levels of mobility. As can be seen the grade of service of 2% is meet only 

for no mobility and low mobility, with an offered traffic to service 1, center area at cell 1 of 28.83% 

and 21.78% from total offered traffic to the network, respectively. This percentage is calculated as 

follows, we locate the maximum value of offered traffic for service 1 to center area at cell 1 to be 

under that grade of service for the two levels of mobility, then we calculate them as percentage of 

the total offered traffic to the network that is given by the Equation (3.13). 
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0 2 4 6 8 10 12 14 16 18 20 New service request arrival rate to cell-center 1 (Type 1) 
Figure 4.10: Network blocking probability with low and high mobility. 

Figures 4.11 and 4.12 show the comparison of blocking probability of cell 1 and the network 

as a function of the arrival rate to service 1 of the cell-center 1, when a dwell time ends and users 

(s) (s) 

leave the area of the cell where they requested a service, i.e., q\c'cl = 0 and q\eel = 0. It is seen that 

the arrival rate to service 1 of the cell-center 1 is higher when the user leaves the area where the 

service was requested intead of stay there, to have a grade of service of 2%, so higher performance 
(s) (s) 

is obtained. Table 4.3 gives the values when mobility increases setting q\c'cl = 0 and q\ee\ = 0. 

(s) (s) 
Table 4.3: Parameters for mobility with = 0 and q\eei = 0. 

4.1.2 N e t r evenue results 

As was said in chapter 3 the net revenue is a performance measurement, so for different levels 

of mobility it is plotted in Figure 4.13 . The revenues chosen when the request of a session of 

service k is accepted in the center or edge area of the cell I are shown in Table 4.4, as well as the 

cost when the session ends because the hand off was blocked. That figure shows that the best 

revenue generated is when there is no mobility or when it is low, while for the high mobility this 

decrease. If the mobility increases more and more, Figure 4.14 shows that revenue tends to have 

a maximum in a specific value of the new service arrival rate to cell-center one ( A ^ ) , after which 



Figure 4.11: Comparison of blocking probability for cell 1, qQ^ ^ 0 , q\sJel ^ 0 and q\sJcl = q[sJel = 
0. 

Figure 
00 

?leel — 
4.12: Comparison of blocking probability for the network, t ?^ c l ^ 0 , q\sJel ^ 0 and c j ^ c l 

0. 

this decreases although the arrival r a t eA^ continues growing. For this figure it was considered the 

mobility for all services at each area of each cell to obtain the network mobility from Table 4.2, 

where the high mobility was increased about 10% each time for each curve. 

Table 4.4: Parameters tor net revenue. 
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New service request arrival rate to cell-center 1 (Type 1) 

Figure 4.13: Comparison of the net revenue generated with different levels of mobility. 

Figure 4.14: Net revenue wit different levels of mobility. 

4.2 Model for channel-aware conditions resource allocation. 
In this section is presented the simulation results, where the wireless channel is time variant 

as was said earlier, so the number of resources blocks to be allocated not only depends on theirs 

availability but also if they are under reliable or unreliable conditions channel when a new service 

request has been requested. In chapter three was derived equations which reflects the impact of 
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the time-varying channel on the blocking probability of the resources blocks. 

4.2.1 B l o c k i n g results 

Parameters for simulation are taken from Tables 4.1 and 4.2, only is add the average bad 

state duration of 60 seconds and the average duration for the channel in good state of 120 seconds. 

To select this parameters we first consider that the average duration of a call is 120 seconds so in 

this time the condition of the channel must be good and we add a time when the channel changes 

to bad conditions. Last time was found doing a simulation that deliver us a network blocking 

probability less than 2% as minimum in the case of low mobility, so we use as initial value 5 

seconds and then the time was increased until 60 seconds where the target was meet, and the time 

for the good state was fixed at 120 seconds. In Figure 4.15 is depicted this simulation where the 

family of curves shows that as increases the average time the channel remains in the bad state 

(unreliable) the blocking probability decreases. 

0.011-
q | 1 1 1 1 1 1 1 1 1 

0 2 4 6 8 10 12 14 16 18 20 
New service 1 request arrival rate to cell-center 1 

Figure 4.15: Bloking probability when a subcarrier go from a bad state to good state with different 
rates. 

Figures 4.16 and 4.17 show the blocking probability in terms of the new request arrival rate, 

where it is seen that capacity is reduced when the channel is considered, because if a resource is 

in bad conditions then it appears to a user as not available, otherwise if that block were allocated 

the session requested may fail. In the last case the user would be more concerned that if we dot 

not assign him resources. 
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Figure 4.16: Bloking probability for all services at cell-center 1. 

Figure 4.16 shows that although there is no mobility in the network, the availability of capacity 

has decreased, therefore the new service request rate for the same blocking probability is less. The 

blocking probability for each service at center area of cell 1 is shown, with and without channel 

conditions. As can be shown there is an increase of 34%, 35% and 33% minimum of blocking for 

service 1,2 and 3 respectively when the channel is taking into account, which reduces the carried 

traffic. 

Figure 4.17, shows a comparison between the percentage of offered traffic to the network for 

no mobility, with or without the presence wireless channel. The percentage of the offered traffic to 

cell-center for service 1 is 28.83 % of total traffic offered when only we are calculating the blocking 

of the capacity, while that for the case when the channel has effects is reduced to 24.76%, to be 

under an acceptable blocking. 

Figure 4.18 provides the blocking results when the user's session dwell time has ended, then 

him leaves the network and when the user go other area or cell. It can be shown that for the same 

total offered traffic to the network the offered traffic to cell 1 for service 1 has decreased with the 

following percentages 3.42%, 11.87% and 8.21% for no mobility, low and high mobility respectively. 

So with the same resources, less capacity can be allocated because of unreliable channel conditions 

and the users with high mobility as was seen in Figure4.10 are the most affected again. 

This results reveals that influence of the channel when there is mobility made that blocking 

increases beyond of the permissible grade of service (2%) in a mobile wireless network. 

Another scenario is presented when only a subcarrier must be under bad channel conditions to 
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Figure 4.17: Comparison of network blocking for no mobility, under reliable and unreliable channel. 

Figure 4.18: Comparison of blocking for the network with and without mobility. 

consider that a resource block is not available . Figure 4.19 shows the network blocking probability 

calculated with Equation (3.24), where the mobility has different levels. In this scenario since it 

is only necessary that a subcarrier is in the bad state, the resource will be unavailable with higher 

probability, so the network blocking is higher than the scenario of a RB with 2 subcarriers in bad 

conditions. Latter condition showed, reveals that the resource blocks available will be less, then 

less users can be served. 

43 



0.01 -

0 I i i i i i i i i i 

0 2 4 6 8 10 12 14 16 18 20 
New service 1 request arrival rate to cell-center 1 

Figure 4.19: Network blocking when a resource block has 1 and 2 subcarriers under bad channel 
conditions. 
4.2.2 N e t revenue results 

In Figure 4.20 we shown the revenue when the channel conditions are included, again the 

parameters to be used are taken from Table 4.4, but now the cost zia take into account the 

channels unavailable because of the unreliable channel. This Figure shows the comparison of the 

revenue with and without channel conditions, as you can see when only the capacity is taken into 

account this is better although for high mobility this decreases, when the channel is included the 

revenue is reduced, but the mobility has higher effect. This can see for the low mobility, where the 

difference in the net revenue is almos imperceptible because the contribution of the channel is low, 

however a z o o m in is do it to see that change in Figure 4.21. 

Figure 4.22 shows, the net revenue calculated with Equation (3.26), where is compared when 

the resource block has two subcarriers in bad state and when only 1 subcarriers is affected by the 

channel. It is shown that the net revenue is fewer when the second scenario arises, because now 

the system has less capacity to be allocated so the less traffic is carried succesfully. 
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lure 4.20: Comparison of the net revenue generated with a reliable and unreliable channel. 

Figure 4.21: Net revenue with low mobility with and without channel conditions. 
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Figure 4.22: Net revenue with 1 and 2 subcarriers under bad channel conditions. 
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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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