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Abstract 

The bit error rate of a hybrid direct sequence/slow frequency hopping system for DPSK 

modulation in a Rician fading radio channel in an indoor environment has been investigated 

with help of a theoretical model. We have considered the effect of selection diversity and 

maximal ratio combining on the performance. The effect of FEC coding on the performance 

was also part of the investigation. A comparison of the hybrid system with pure direct 

sequence has been made as well as a comparison with another model from literature. 

The bit error rate performance of hybrid DS/SFH systems, employing BPSK and 

QPSK as modulation techniques, is also discussed. In this way a comparison could be made of · 

three systems, using the three mentioned modulation schemes. 

Finally, a throughput and delay analysis of a CDMA network using hybrid/ DS/SFH 

transceivers with DPSK modulation is presented in this report. A comparison of the 

throughput of the hybrid system has been compared with the throughput of a system based on 

direct sequence. 
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SUMMARY

Wireless communication systems have regained a lot of interest recently. Especially the 

application in an indoor environment gives the advantages of flexibility and costs saving with 

respect to cabling. Users can get access , to the radio channel by using multiple access 

techniques, such as Code Division Multiple Access (CDMA) of which Direct Sequence (DS) 

and Slow Frequency Hopping (SFH) are two implements. From previous studies however, it 

was observed that direct sequence (DS) suffers severely from the near-far effect. A hybrid 

direct sequence/slow frequency hopping (DS/SFH) system is able to overcome this problem.

In this report we have investigated the performance of a hybrid DS/SFH system in a 

Rician fading environment for two types of diversity, viz. selection diversity and maximal ratio 

combining with help of a theoretical model. The performance of the system is expressed in 

terms of average bit error probability or outage probability. Next, a comparison of DPSK with 

BPSK and QPSK is presented and the model under consideration with DPSK modulation is 

compared with a model described in literature. Second, the throughput and delay of a slotted 

CDMA network based on a hybrid DS/SFH is assessed with a theoretical model.

The models, used to describe the performance of the hybrid DS/SFH technique and 

the CDMA network based on this technique, are only valid when several key requirements are 

met. However, they give a good first impression of the behaviour of the systems. From the 

numerical results we have concluded that:

The model in this report yields a higer bit error probability than the model presented 

in literature, because of the difference in approximations made in both models;

Given a fixed bandwidth, a hybrid DS/SFH system with FEC coding and with large 

spreading codes and a relative low number of frequencies, yields a better result than a 

system with a large number of frequencies and short spreading codes;

For the same bandwidth, DS operates better than hybrid DS/SFH in case of a large.

For a relatively low number of resolvable paths the performance is in favour of the 

hybrid system;

Comparing the performance of DPSK, BPSK and QPSK at fixed bandwidth and data 

rate shows that DPSK yields the poorest performance, next BPSK and the best 

is QPSK;

A resonable throughput and accordingly a small system delay can be obtained by using 

small packet sizes and a sufficient order of diversity or in case of large packet sizes, the 

use of FEC coding in combination with a high order of diversity.
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1. INTRODUCTION

Wireless communication is a part of telecommunications that has regained a lot of interest 

recently. This appears from the increasing demand for wireless mobile services such as 

vehicular telephony, radio paging systems and cordless telephones.

Beside applications of these wireless services in an outdoor environment, there is an 

increasing development of wireless systems in the indoor environment. Especially in the office 

environment the application of these systems, such as wireless computer networks and cordless 

telephones, offers the advantages of flexibility and saving of costs compared to the cable 

systems.

In order to provide the possibility for users to transmit simultaneously and to overcome the 

severe fading effects of the indoor radio channel, spread spectrum multiple access techniques 

have to be used. A very promising technique is Code Division Multiple Access (CDMA), of 

which Direct Sequence (DS) and Slow Frequency Hopping (SFH) are two implements.

In the last few years, a lot of attention has been paid to direct sequence spread 

spectrum (DS/SS) communication systems over fading channels in presence of multi-user and 

multipath interference [3],[7],[10]. However, it has been observed that DS/SS suffers severely 

from the near-far effect.

For a low spectral sidelobe level of the transmitted signal, frequency hopping can 

reduce the near-far problem by reducing the probability that two or more users have the same 

instantaneous carrier frequency. A disadvantage of frequency hopping is the larger 

vulnerability of multipath interference in comparison with direct sequence. With a hybrid form 

of direct sequence and slow frequency hopping we can combine the advantages of both 

techniques.

A theoretical model for the performance of hybrid DS/SFH with DPSK modulation in terms 

of average bit error probability has been presented in [i],[2] and [9]. In this report however, 

we present an improved version of the forementioned model in order to assess the 

performance of the hybrid DS/SFH system with Differential Phase Shift Keying (DPSK) as 

modulation technique. The performance of the system is expressed in the following four terms:
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The Bit Error Rate (BER);

The outage probability;

The throughput;

The delay.

In this performance analysis, we consider selection diversity and maximal ratio combining as 

diversity techniques. Furthermore, the influence of forward error correcting (FEC) codes on 

the performance is investigated. Finally, we are able to make the following comparisons:

- The theoretical model presented in this report with the model presented in literature;

- The performance of the hybrid system using DPSK with the performance of the 

hybrid system using BPSK and QPSK as modulation techniques presented in [4];

- The performance of DS with the performance of hybrid DS/SFH.

- The throughput of a CDMA system based on pure DS with that of a CDMA system 

based on hybrid DS/SFH;

The system we will use for the performance analysis is a starconnected CDMA network with 

K users as shown in figure 1.1

2

Base 
Station

Tx/Rx 
K-1

Tx/Rx 
2

Tx/Rx 
1

Tx/Rx 
K

Tx/Rx
K 1

Figure 1.1: Centralized wireless local area network with CDMA



Introduction 3

The base station consists of a bank of spread-spectrum transmitters/receivers, one for each 

active user. We assume that each user has an unique spread-spectrum code sequence and a 

unique hopping pattern .

In chapter Two there will be a discussion about code division multiple access techniques. 

Chapter Three will consider the propagation aspects of indoor wireless communications, such 

as pathloss and multipath interference. In chapter Four a description of the theoretical model 

is presented. Chapter Five is an analysis of the performance of the hybrid model. In chapter 

Six we present the numerical results of the performance described in chapter Five. Beside 

that, the comparison with the other systems as well as the discussions of the results will be 

given. In chapter Seven we present the throughput and delay analysis. The numerical results as 

well as the discussion of these results are presented in chapter Eight. Chapter Nine gives the 

conclusions and chapter Ten the recommendations for further research.
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2. CODE DIVISION MULTIPLE ACCESS TECHNIQUES

In a wireless communication system all users should be offered the possibility to have commu­

nication simultaneously, which means that they must have multiple access capability. There are 

three main multiple access techniques: frequency division multiple access (FDMA), time 

division multiple access (TDMA), and code division multiple access (CDMA).

In FDMA all users are able to transmit simultaneously but use disjoint frequency bands. Every 

single user has his own channel in the frequency domain, across which he can transmit his 

information.

In TDMA every single user has the possibility to transmit his information during a 

short period of time, referred to as a time slot. So all users occupy the same bandwidth, but 

sequentially in time.

In CDMA, channels, are created by using mutually different code sequences. Such a 

code sequence serves as a selection means and as a carrier of information. By using CDMA 

the transmitted signal spectrum will be spread over a frequency range much greater than the 

message bandwidth. That is why this technique is often referred to as a spread-spectrum 

technique. In figure 2.1 the principles of .the three multiple access methods discussed here are 

shown schematically.
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FDMA TDMA CDMA

---- -  t ---- -  t

Figure 2.1: Schematic representation of three multiple access techniques

Since CDMA is the most promising of the three techniques, this one will be considered from 

now on. The two most important ways to implement CDMA, viz. direct sequence (DS) and 

frequency hopping (FH) will be discussed in the next two sections.

2.1 Direct Sequence

The principle of direct sequence is the modulation of the data signal with pseudo random 

code sequences, which consist of wideband digital signals. These three signals are shown in 

figure 2.2.
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PN waveform ak(t)

Data waveform t\(t)

Spread baseband

signal

Figure 2.2: The principle of direct sequence

Each user obtains such a sequence that distinguishes itself sufficiently from the other code 

sequences. Therefore, it is necessary to have enough sequences of a certain length with 

mutually low crosscorrelation coefficients. Interesting codes in this respect are the Gold codes 

[20].

These Gold codes are composed of a combination of maximum-length sequences. The 

resulting sequences don’t have this maximum-length property, however they have a very 

suitable correlation behaviour.

A measure for the mutual interference of the sequences is given by the ratio of the 

maximum cross-correlation coefficient CC and the auto correlation coefficient AC. In here AC 

is equal to 2n -1 (i.e., the number of Gold sequences). Gold proved [20] that CC is given by:

2(«+1)/2 + j ^or n odd
CC = (2.1)

2^2)12 + j ßr n even

For n=5 for instance, we find that the ratio CC/AC equals 0,29. This means that the cross­

correlation peaks have a normalized height of 0,29 , while the autocorrelation peaks have a 

height equal to 1. Fig 2.3 shows the cross and autocorrelation functions of this example. The 

sequences are generated by a Gold code generator, described in [17]
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autocorrelation

--------- crosscorrelation

1

0,29

Figure 2.3: Auto- and crosscorrelation of a 31-bit Gold-sequence

The generation process of these sequences is often referred to as pseudo-noise (PN) process, 

due to the correlation properties, which are noise-like. Such a process looks random, but can 

be replicated by authorized users.

DS involves spread spectrum and as the name suggests, the transmitted signal spectrum 

is much greater than the message bandwidth. The ratio between the transmission bandwidth 

Bt and the message bandwidth W is called processing gain.

DS systems have several advantages and disadvantages.

Advantages:

- best noise and anti-jam performance;

- most difficult to detect

- best discrimination against multi-path fading.
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Disadvantages:

- long acquisition time;

- fast code generator needed;

- near-far problem [1], [2];

2.2 Frequency hopping

In a frequency hopping system, the carrier frequency hops "randomly" from one value to 

another under control of an PN-process. Since each user has his own hopping pattern, they 

are able to transmit their information simultaneously. Frequency hopping systems can be 

divided in two categories: fast frequency hopping (FFH) and slow frequency hopping (SFH).

The principles of these two ways of hopping are shown in figure 2.4.

Bit sequence

f

f

SFH

FFH

t

Figure 2.4: Principle of fast and slow frequency hopping 
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In a fast frequency hopping system, a data bit is transmitted during multiple hops.

If we consider a "snapshot" of the spectrum of this transmitted signal, we are not able to make 

a distinction between the different hops, because of the high hopping speed. The frequency 

band, allocated for this purpose will be fully occupied and spread spectrum is also involved.

A slow frequency hopping system transmits multiple data bits per hop and here no 

direct spreading of the spectrum is involved, because of the slow hopping speed. If we 

consider a "snapshot" of the spectrum again, we only see the message bandwidth, slowly 

hopping from one carrier frequency to another.

When several frequency hopping signals occupy a common RF channel, it might occur that 

these signals interfere. Events of this type are called hits. These hits become more and more 

of a problem when the number users hopping over a fixed bandwidth increases.

Frequency hopping systems have several advantages and disadvantages over other 

CDMA techniques.

Advantages:

- FFH yields the greatest amount of spreading;

- programmable hopping pattern so portions of the spectrum can be avoided;

- short acquisition time;

- less affected by the near-far problem.

Disadvantages:

- complex frequency synthesizer required;

- error correction needed.
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3. PROPAGATION ASPECTS IN AN INDOOR ENVIRONMENT

In order to design an indoor wireless communication system we need to have some knowledge 

of the indoor radio propagation characteristics. Two phenomena, namely path loss and 

multipath fading, determine the characteristics of the radio channel in a large measure. In the 

following sections we will give a characterization of these phenomena.

3.1 The path loss

In general the spatially averaged value of the multipath power gain in a point at a distance r 

from the transmitter is represented by a distance-power law of the following form:

P a r-0 O'l)

In free space a = 2, but results from literature [11,16] show that whitin buildings a can be 

smaller or larger than 2, dependent on the position of the transmitter with regard to the 

receiver and the environment.

If the transmitter and receiver are placed in the same hallway of an office building for 

instance, a usually is smaller than 2. This gain over the free space situation is likely due to the 

waveguiding effects in the hallway.

In rooms which are located off the hallway, a can exceed values of 3,4 or even 5, 

dependent on the position of the room with regard to the transmitter.

3.2 Description of the multipath fading

Multipath fading is caused by multiple reflections of the transmitted signal from the building 

structure and surrounding inventory. The fading phenomenon is primarily a result of the time 

variation in the phases 0n(t) of the different signal components. As a result of this the signal 

vectors might add destructively at times, which results in a very small received signal. When 

the signal vectors add constructively, the received signal will be large.
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Since the channel parameters play an important role with respect to multipath fading, they will 

be discussed in the next sections.

3.3 Parameters of the radio channel

Starting point for the investigation of the properties of a channel is the impulse response of 

the channel. From this impulse response two parameters, viz. coherence bandwidth and 

coherence time, can be derived. The time-variant impulse response of the equivalent low-pass 

channel, which contains discrete multipath components, is described by [18]:

«('-’■„(0) (M)
n

Here, an(t) is the attenuation factor for the received signal on the nth path and Tn(t) is the 

propagation delay for the nth path. From such an impulse response several separated respon­

ses can be distinguished, due to the fact that the transmitted impulse reaches the receiver 

along different paths of different length. The coherence bandwidth and the coherence time, two 

important parameters of the channel, will be discussed in the next two sections.

3.3.1 Coherence bandwidth of the channel

With help of the impulse response of the channel, we are able to obtain some useful 

information of the radio channel. Due to reflections, copies of the signal will arrive at the 

receiver at different times. The average output power of the channel (denoted by: ^c(r)), 

corresponding to the power of the different copies of the signal, can be given as a function of 

the corresponding delays. We then obtain a delay-density function [12], where the delay is 

weighted by the signal level at that delay. The root mean square of this distribution is called 

the multipath spread or rms delay spread of the channel and is denoted by Tm [18].

The Fourier transform of ^c(r) yields an autocorrelation function in the frequency 

variable, which is denoted by 0c(Af). This latter quantity is a measure of the frequency 

coherence of the channel. In figure 3.1 the relationship between these latter two quantities is 

shown.
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(△ƒ)
m

m

T

Fourier
♦c(Ä/) -<--------- >• Mr)

transform 
pair

Spaced-frequency 
correlation function

(a)

Multipath intensity profile

(b)

Figure 3.1: Relationship between the spaced-frequency correlation function and the 

multipath intensity profile

As a result of the Fourier transformation relationship between ^c(r) and ^c(Af), the reciprocal 

of the multipath delay spread is called the coherence bandwidth of the channel. That is:

(3.3)

Where (Af)c denotes the coherence bandwidth. The channel is said to be frequency-selective 

when the signal bandwidth is larger than the coherence bandwidth. In that case the signal will 

undergo different gains and phase shifts across the band and is severely distorted by the chan­

nel.

On the other hand if the signal bandwidth is much smaller than the coherence 

bandwidth the channel is said to be frequency-nonselective. All frequency components in the 

transmitted signal undergo the same attenuation and phase shift.
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3.3.2 Coherence time of the channel

The signal intensity as a function of the Doppler frequency f is given by the Doppler power 

spectrum of the channel, denoted by Sc(f). The Doppler spread Bd is the range of values over 

which the Doppler power spectrum is nonzero. The Fourier transform of Sc(f) yields an 

autocorrelation function in the time variable, denoted by ^c(At). This latter quantity is a 

measure for the time coherence of the channel. This is shown in figure 3.2.

Spaced-time correlation function Doppler power spectrum

(a)________________________ _____________ _______ ________

(△0,

o

SC(X)I WW I

Fourier 
--------------->- (A)
transform 

pair

Figure 3.2: Relationship between the spaced-time correlation function and the Doppler 

power spectrum

Because of the relationship between Sc(f) and ^c(At), the reciprocal of Bd is called the 

coherence time of the channel. That is:

(A 0. -
Bd

(3-4)

Where (At)c denotes the coherence time. It is obvious that a slowly changing channel has a 

large coherence time or, equivalently a small Doppler spread.

The rapidity of the fading in a frequency nonselective channel is determined either 

from the correlation function ^c(At) or from the Doppler power spectrum Sc(f). Suppose that 
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the period T of the transmitted signal is smaller than the coherence time of the channel. Then 

the channel attenuation and phase shift do not change considerably for the duration of at least 

one signalling interval. When this condition holds, the channel is said to be a slow fading 

channel.

In the- next section we will discuss the influence of the channel parameters on the 

transmitted signal.

3.4 Influence of the channel parameters on the radio signal

As we have discussed, many reflections of the signal arrive at the receiver at different times. 

All these reflections of the signal add up and cause signal peaks and dips, dependent on the 

phases of the different reflections.

The reflections can be grouped in clusters. These clusters contain the signals with a 

time difference between the arrival of the first and the last ray, which is less than the chip 

time Tc of the user code. These clusters can be resolved by a receiver and are therefore called 

resolvable paths. The principle in shown in figure 3.3.

Fading channel L1

transmitter

12

Two resolvable paths

Figure 3.3: Example of multiple resolvable paths

The criterium for the existence of multiple resolvable paths is that the signal bandwidth W is 

much larger than the coherence bandwidth (Af)c.

In case of direct sequence, each data bit is multiplied by a unique user code. Such a 

code consists of N pulses (chips) of duration Tc = T/N, where T is the duration of one data 

bit. The maximum number of multiple resolvable paths L in this case is given by [13] as:
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(3-5)

where Tm denotes the rms delay spread of the channel. Equation (3.5) is based on the time 

resolution of DS/SS signals, which is Tc seconds. So spread spectrum provides independently 

fading multiple signal paths, because the transmission bandwidth is much larger than the 

coherence bandwidth of the channel.

3.5 Statistical description of fading

The time variations of the channel seem to be unpredictable to the user of the channel. 

Therefore it is reasonable to characterize the time-variant multipath channel statistically. In 

the following sections we will discuss statistical characterization of the envelope of signals 

submitted to signal fading.

3.5.1 Rician fading envelope

The Rician PDF describes the envelope of the sum of two orthogonal statistically independent 

nonzero mean Gaussian random variables with identical variances This distribution is 

applicable when a significant part of the received signal envelope is due to a constant path 

(such as a line-of-sight component or fixed signal reflectors). Since in an indoor environment 

there are a lot of fixed signal reflectors, which provide a LOS path, the Rician PDF would be 

appropriate [11].

The Rice probability density function is defined as: 

2 a:

SrP(r) = e*P r > 0, S > 0 (3-6)

where Io( ) is the modified Besselfunction of the first kind and zero order. The second central 

moment of the Rice distribution is given by:
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^[r2] = S2 + 2^ (3-7)

The average power of a bandpass signal with an Rician distributed envelope is given by:

p - ie H P-8)

where VzS2 represents the power of the dominant component and cr2 the power of the 

scattered signals. The ratio of the dominant received power to the scattered power is called 

the Rice factor, denoted as R. So, we can write:

P - —2 (3-9)

From propagation measurements done in an indoor environment [11] some values of R are 

determined. We know that typically R = 6,8 dB corresponds to a 30-year-old brick building 

with reinforced concrete and plaster, as well as some ceramic block interior partitions. R=ll 

dB corresponds to a building that has the same construction, but has an open-office interior 

floor plan and non-metallic ceiling tiles.

3.5.2 Rayleigh fading envelope

The Rayleigh PDF describes the envelope of the sum of two orthogonal statistically 

independent zeromean Gaussian random variables with equal variance a2 In case there is no 

dominant component in the received signal the envelope can be described by a Rayleigh 

distribution [11], [12] which is given by:

XO = \ exp 

°r

r > 0 (3.10)

The first and the second moment of this distribution are given by:
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The average power of a bandpass signal with a Rayleigh fading envelope is given by:

2 
ar

(3.11)

(3.12)

(3.13)

42] = 2a/

The Rayleigh distribution is a special case of the Rice distribution (with S=0).

3.6 Diversity techniques for fading multipath channels

The major problem involving the reception of radio signals is when the transmitted signal is in 

a deep fade. A solution of this problem is to use the replicas of the signal, transmitted over 

independently fading channels. This latter phenomenon is called diversity.

Direct sequence spread spectrum provides multiple resolvable paths if the delay spread 

is larger than the duration of a chip in a user code. This is called inherent spread spectrum 

diversity. In the next two sections we will discuss two ways receivers use diversity for signal 

reception, namely selection diversity and maximal ratio combining.

3.6.1 Selection diversity

Selection diversity is based on selecting the largest in a group of signals carrying the same 

information. The multiple resolvable paths can be used for selection diversity by selecting the 

path with the largest output of the matched filter in the receiver.

The order of diversity M that can be achieved with selection diversity is defined as the 

number of resolvable paths multiplied by the number of antennas. So, one could use multiple 

antennas in order to increase the order of diversity. They must be spaced sufficiently far apart 

so the multipath components in the signal have significantly different propagation delays at the 
antennas.
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3.6.2 Maximal ratio combining

Maximal ratio combining is based on summing the demodulation results of a group of signals 

carrying the same information. The result of this summation is used as a decision variable in 

the data decision process.

In general the order of diversity M that can be achieved with maximal ratio combining is equal 

to the number of resolvable paths L. However the use of multiple antennas increases the 

order of diversity. This type of diversity is very attractive for spread spectrum with DPSK 

modulation, because it’s very easy to implement and it gives a significant improvement in 

performance.
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4. SYSTEM DESCRIPTION FOR DPSK, BPSK AND QPSK

The modulation scheme DPSK has been the starting point in this report. However, we will 

also consider two other modulation schemes, viz. (B)PSK and QPSK. The system description 

performance of the hybrid DS/SFH system with BPSK and QPSK modulation have been 

presented in [4]. However, in order to make a good comparison and discussion of the 

performance of the three modulation schemes, we will give a short system description of the 

hybrid system with BPSK and QPSK in this chapter as well.

The system is a star connected network with K users, where all of them are considered to be 

at the same distance from the base station. The performance analysis of the system is done 

assuming that the base station is in the receiving mode.

The model under consideration consists three parts, viz. the transmitter, the channel 

and the receiver. In the following sections the models of these three parts will be discussed 

for DPSK BPSK and QPSK as modulation schemes.

4.1 Description of the transmitter model

In the following sections we will describe the transmitter models of the hybrid DS/SFH system 

with DPSK and BPSK/QPSK respectively.

4.1.1 Transmitted signal with DPSK modulation

In figure 4.1 the transmitter model of a hybrid DS/SFH system with DPSK modulation is 

shown.
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Figure 4.1: Transmitter model of a hybrid DS/SFH system

In case of channel coding, the channel encoder and the interleaver have to precede the DPSK 

modulator in the diagram of figure 4.1. Each user produces a data waveform given by:

W - M (4.1)
j

where is the /th data bit of user k and belongs to the set {0,1}. Furthermore PT(t) is a 

rectangular NRZ pulse of unit height and duration T. The signal bk(t) is first DPSK 

modulated and can be written as:

ck^ = Wcos(«?+^) (4-2)

where 0k is a random phase associated with user k. As a consequence of the DPSK 

modulation b^ now belongs to the set of {-1,1}.

This modulated signal is now multiplied by a spreading sequence ak(t), which accomplishes DS.

Orf) - Y,d Prlf-iTc) (43)
j

where the; th pulse of ak(t) belongs to the set of {-1,1}. Here Tc is the chip duration and
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Ptc(O a rectangular NRZ pulse of unit height and duration Tc. This sequence is periodical 

with period T. We assume that there are N code pulses during each encoded bit (T=NTC).

This spread signal is then frequency-hopped according to the hopping pattern fk(t) associated 

with user k. We assume random hopping patterns with q frequencies in this model. The 

number of data bits transmitted per hop Nb = Th/T is a positive integer. In case of slow 

frequency hopping, we have Nb > > 1. The frequency hopped signal is then given by:

4W = cos^k(t)t+ak(^ (4-4)

The frequency fk(t) and the phase ak(t) are constant over a time interval of duration Tb The 

bandpass filter in the frequency hopper, shown in figure 4.1, removes unwanted frequency 

components present at the output of the multiplier. So the transmitted signal becomes:

^(0 = y/Wa^tlb^cosfa^ (4-5)

where P is the transmitted power. The quantity ak(t) represents the phase shift introduced by 

the frequency hopper when it switches from one frequency to another. We assume ak(t) to be 

constant during the time intervals that fk(t) is constant.

4.1.2 Transmitted signal with BPSK and QPSK modulation

The sequences with rate 2/T produces by user k is separated in 2 sequences, denoted by bc k(t) 

and bs k(t) respectively, each having a rate l/T.

J

j

(4.6)

where b| k belongs to the set {-1,1} and PT(t) is a rectangular pulse of duration T. These 

signals are first multiplied by the spreading sequences ac k(t) and as k(t), which are defined the 

same way as in equation (4.3). These sequences are periodical with period T. The signals 

ac,k(0^c,k(0 and ^(O^kCO are PSK modulated on two carriers in quadrature.
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This modulated signal is then frequency hopped, according to the hopping pattern associated 

with user k. After appropriate filtering, this hopped signal for QPSK becomes:

sk (0 = + +°‘k + 6k)
(4-7)

+ fei’-+ +ak + 6k)

where the phases are the same as defined in section 4.1.1. The hopped signal for PSK can be

obtained by setting bs k(t) in equation (4.7) to 0

4.2 Description of the channel model

The link between the £th user and the base station is characterized by a lowpass equivalent 

transfer function given by:

L 
hk^ = ^ßkl^^kiy^tki) 

1=1

where Id refers to path I of user k. We assume there are L paths associated to each user. The 

]th path of the kth user is characterized by three random variables: the gain ßü, delay and 

the phase 7W. In this study we make the following five assumptions concerning the channel:

path gain ß^, the phase 7kl and delays of the different paths are 

statistically independent for different values of k and Z;

the path gain ßy is Rician distributed;

the phase factor 7 is uniformly distributed over [0,27r] and the path delay is 

uniformly distributed in [0,TJ;

the rms delay spread Tm is less than the bit duration T in order to 

avoid intersymbol interference;

the channel introduces additive white Gaussian noise n(t), with two-sided 

power spectral density Nt)/2.
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4.3 Description of the receiver model

In this model we assume that the DPSK modulated signal is detected noncoherently and the 

BPSK and QPSK modulated signals are detected coherently. Because of the stable LOS 

component, phase recovery at the receiver can be achieved, which makes coherent detection 

possible.

4.3.1 Description of the received signal in case of DPSK

In case of DPSK we consider a noncoherent receiver. This means that the receiver uses the 

phase information which is concealed in two consecutive bits. The receiver consists of a 

dehopper, a bandpass matched filter, a DPSK demodulator and a hard-decision device. 

Besides, when channel coding is used, a deinterleaver and a hard-decision decoder are added 

to the receiver. In figure 4.2 the receiver structure is shown:

rffl

X

Frequency 
dehopper

X 
0

[delay

sln(«>ct)

c I s<n(«c<)

Figpre 4.2: Frequency dehopper and DPSK demodulator
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The received signal can be written as:

r(Z) = JÏP + (4-9)

with

^kl = + 6ld ~ [wc + Wfc(f~rw)]rtó + tkl (4‘10)

and n(t) is white Gaussian noise with two-sided power spectral density Nq/2 [W/Hz]. The 

received signal r(t) enters a bandpass filter which removes out-of-band noise. The mixer of the 

dehopper performs the appropriate frequency translation.

We assume that the hopping pattern of the receiver is synchronized with the hopping 

pattern associated with the jth path of user 1 (which will be denoted as the reference path). 

The dehopper introduces a phase ^(t), which constant over the hopping interval Th. A 

bandpass filter which follows the mixer removes high frequency terms. The resulting dehopper 

output signal is given by:

where nd(t) can be considered as white Gaussian noise with two-sided power spectral density 

No/8. The delta function in this expression is defined as follows

1 for u=v
S(u,v) = (4.12)

0 for u^v

in which both u and v are real. Note that the dehopper suppresses, at any instant t, all path 

signals whose frequency at instant t differs from ^(t-r^). Evidently, the reference path signal 

is not suppressed; the other path signals from the reference user are suppressed only during a 

part of the first or last bit of a hop, depending on the relative delay of the considered path 

with respect to the reference path. Path signals from users different from the reference user 

contribute to the dehopper output only during those time intervals for which their frequency 

accidentally equals the frequency of the reference path signal.
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We can. express rd(t) by means of its quadrature components:

= x(t)cos(wct) - XOsinfM (4-13)

with

x{f) = y[PÏ2 Y^ßki co^>ki+ßi(t)) + nc(0 (4-14)

= JP/2 + nc(0 (4-15)

y(t) = y/P/2 ^y^ßkl ak(t~Tld^k(t~Tki)6][l(t~Tij)fk(t~Tld)\ + Ms(0 C4-1^)

= 4m E Z ßkl Sin(^) + ns(t) (4-17)

The dehopper output signal rd(t) enters a DPSK demodulator, whose impulse response is 

matched to a T-seconds segment of a1(t)cos(U't').

The bandpass signal at the matched filter output contains narrow peaks of width 2TC, at 

instants XT + (a = 0, ±1, ±2, ...), which are caused by the reference path signal. The 

other L - 1 path signal from the reference user give rise to peaks at instants XT + (1 j).

However, there is no peak during the first or last bit of a hop, because each of these L -1 

path signals is partly suppressed by the dehopper. Path signals from the nonreference users 

also give rise to peaks, however usually smaller than the peaks caused by the reference user. 

These peaks of the nonreference user are caused by the fact that the spreading codes are not 

ideal in the sense that they are correlated to some extend.

The DPSK demodulator output is a lowpass signal, which has peaks at instants AT + Tlt as we 

already have seen. A positive peak indicates that the corresponding channel encoder output 

bit is likely to be a logical one and a logical zero when the peak is negative.

We assume that the delay differences between path signals from the same user are 

larger than 2TC, so these peaks do not overlap; this assumption is justified when the PN 

sequence period N is relatively large. The DPSK demodulator output signal is sampled at the 

instants AT + and this gives rise to the decision variables ^(A).
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4.3.2 Signal description of the DPSK demodulator output

In DPSK the message bits are coded with two consecutive code bits. If a binary one is to be 

sent during a bit interval, it is sent as a signal with the same phase as the previous bit. If a 

binary zero is sent, it is transmitted with the opposite phase of the previous bit. So the 

demodulator has to correlate two consecutive signal elements and create the decision variable 

which can be written as:

€

with

ov -1

(4.19)

in which Vo denotes the complex envelope at the current sampling instant at the output of the 

demodulator and the same for Vj at the previous sampling instant. The real and the 

imaginary parts of the complex envelope denote the output of the in-phase integrator and the 

output of the quadrature-branch integrator respectively. The output of the in-phase and the 

quadrature branches are given by:

(A+1)T

- 'IPR EEfe f dt + , (4-20)

(A.l)T

Yo - E E fe si"W ƒ * + u («I)

(A+1)T (A+1)T

yi= [ a^n^s v= f a-^njls (4.22)
at Ar

where v and r) are zero-mean Gaussian random variables with equal variances given by 

N0T/16. Bit under consideration is bit number A = jNb + p. Actually, the phase $ is time­

dependent, but it has a fixed value for the time interval under consideration, because the 8 

function will only be equal to one if fk(t - ry) = f^bry), which means a fixed value for f and 

a.
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Because of the limited interval for the delays, two bits will be under consideration: bits 0 and 

-1 of the sequence k ( or equivalently Ä and Ä-1 respectively) as shown in figure 4.3.

0

1

Figure 4.3: Time interval with the bits under consideration

So, in order to perform the cross correlations of the bits of the nonreference user with the 

bits of the reference user, we have to split up the time interval [0,T] in two parts, viz. [0,t] u 

[t,T] as shown in figure 4.3. According to [10] we define:

H

Id) ~ a\kt)ak^t~Tld^'t (4-23)

T
&ik(Tki)=ƒ (4-24)

In these definitions, the periodicity of the spreading sequence has been taken into account. 

As a consequence, we can write:

k I

^^Id^ ^^k j bk Rlk(Tkl) + ^2^) bk ^lk(Tkl) (4-25)+ v
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»»W
k I

/ bk Rlk(Tkl) + b^. &ufTki) + (4-26)

where b^’1 and bk° are the bits with numbers A - 1 and A of the Jtth user. The functions dx and 

d2 account for the possible hits between the current frequency of user 1 and the frequencies 

associated with the two bits under consideration. X.j and Y.j are given by equations similar to 

(4.25) and (4.26) with A becoming A-l ( i.e. 0 becomes -1 and -1 becomes -2).

We define:

(4-27)

(4.28)

(4-29)

(4.30)

~ 52 ßu Rll(Tll) 
IM

Xk =Y,ßkl wsfyklj Rlk(Tki)

A = 52 Pu Ai(tiz) 
14^

^k = ^ßkl Rlk(Tkl)

and similar expressions for Y. Without loss of generality, we can assume that = 0, $1j= 0, 

because we have considered the jth path between transmitter 1 and receiver as the reference 

path. So, we can write:

bk Xk + (4.31)+ V

(4-32)

in which we define m as:
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m=y[PiS (4-33)

The complex envelope, which is considered to be a random variable, consists of the following 

four contributions:

* A useful term, which is due to the jth path signal of the reference user;

* A complex Gaussian noise term, of which the real and imaginary parts are

statistically independent and have the same variance, NOT/16;

* A multipath interference term, which is due to the L -1 other path signals from 

the reference user. The contributions from the different paths are uncorrelated:

* A multiple access interference term, which is due to the path signals of the 

K - 1 nonreference users. Here also, the contributions of the different paths 

are uncorrelated.

The expressions derived in this section will be the starting point for the derivation of the 

expression for the bit error probability for both selection diversity and maximal ratio 

combining.

4.3.3 Description of the received signal in case of BPSK and QPSK

We assume that a received signal is composed of the contributions of the different users, their 

different paths and additive white Gaussian noise. Therefore, we can write the expression for 

the received signal for QPSK as:

r(0 = - T^cos^t + ƒ + ak + + lld)
k I „co

(4.34)

+ - TuFinfaj + f ^k(r)dT +ak + 6k+
k I i

+ n(t)

where n(t) is AWGN with single-sided power spectral density No [W/Hz]. Since we consider 
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user 1 as the reference user, the dehopping sequence is the one associated with user 1. After 

dehopping each of the 2 components of the dehopped signal is multiplied by the DS code 

associated with user 1 and multiplied by the carrier signal and next integrated over the bit 

duration.

The bit under consideration is bit number Ä. However, without loss of generality we 

can assume that A=0 and that the /th path between transmitter 1 and the receiver is the 

reference. Because of the dominant and stable component, the receiver can be time- 

synchronous with this path. Besides, the receiver is able to acquire the phase of the stable 

component of this path, due to its tracking mechanism. Therefore, we say that r1j=0 and 

^=0, in which $ is the overall phase shift. All delays are then defined as relative delays 

according to this reference path.

4.3.4 Signal description of the BPSK and QPSK demodulator output

Let us focus on the in-phase signal. The output of the in-phase integrator is given by:

(A+1)T

zOfi = - r^dt

(A+1)T (4.35)
+ f ac,l^a^ - Tkl)bs^t - TuMlWC - Tkl^dt

k I Yr

where i/c is a zero-mean Gaussian random variable with variance NOT/16. The 6 -function 

accounts for the possible hits: a hit occurs when the frequency ^(t) used by the reference user 

and the frequency ^(t-T^) used by nonreference users are the same.

Because of the limited interval of the delays, two bits will be under consideration, viz. bits 0 

and -1 of sequence k. According to [10] we define the following correlation functions:
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Tu

(4J6)

T
^c(Tkl) = ƒ“ Tkl^t (4-37)

»M

in which x and y may be both c or s. In these definitions, the periodicity has been taken into 

account. We define the following parameters:

(«8) 
I

-EWMto (4-M)I

with x and y defined as previously. When x = y then the function ƒ is the cosine function else 

it is the sine function. If k = 1, then I j, so we have:

= ^PSTf^

k

+ V

where b"1k (resp. b’1^ and b° k (resp. b° k) are the current bit and the previous bit of in-phase 

(resp. quadrature) data stream of the kth user. The functions d1 and d2 account for the 

possible hit between the current frequency of user 1 and the frequencies of the associated 

with the two bits under consideration.

We see that there is cross-rail interference, in the sense that the bits associated with 

the in-phase (quadrature) component interfere with the quadrature (in-phase) component. In 

case of BPSK we have:

(4.40)

= JPiSTß^ blzo ♦ ^Pis s d^b^X,. * d^tfh 
k

(4.41)
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in which Xk and are defined as follows:

Xk =^^kl Rik(Tkl) (4.42)

■^k ~^,ßkl ^(^ki) ^ik(Tki) (4-43)

The same as in case of QPSK, we have that I - 1, according eqs. (4.27) and (4.29). 

We see that the cross-rail term has disappeared in equation (4.41).

With the help of all these expressions we are able to derive the expressions for the average bit 

error probability for both selection diversity and maximal ratio combining. This will be done in 
the next chapter.
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5. PERFORMANCE OF THE HYBRID DS/SFH SYSTEM

The performance of the hybrid DS/SFH system can be assessed in different ways. The average 

bit error probability and the outage probability are measures to get an idea about the system 

performance.

In the following chapters we will investigate the average bit error probability, the 

outage probability and the influence of FEC coding of the hybrid DS/SFH with DPSK 

modulation. Next we will discuss the average probability of the hybrid system using BPSK and 

QPSK as modulation techniques.

5.1 Study of the bit error probability

There are three different main phenomena which contribute to errors in the system under 

consideration.

First, even in the absence of noise and fading, errors may occur when a signal is 

hopped to a frequency slot that is occupied by another signal. Whenever two different signals 

occupy one frequency slot simultaneously, we say a that hit occurs.

Second, the different spread spectrum codes assigned to the different users, show 

mutually cross-correlation effects. This, because the codes are not ideal and of finite length. 

These cross-correlation effects result in side pulses in the detector, which might give rise to 

errors in the detection of the bits.

Third, even in the absence of the multiple access interference effects described above, 

errors may occur due to fading and additive white noise.

According to [1],[2] and[9], we first decouple the effects of hits from other users due to 

frequency hopping from the multiple access interference due to the direct sequence spread 

spectrum signals. In [1],[2] and [9] this is done by first evaluating the conditional error 

probability, given the number of hits, and then averaging with respect to the distribution of 

the hits.

In our model we evaluate the conditional probability not only given a number of hits, 

but also given the path gain ß and the delay t. Then we first average with respect to the 

number of hits and next with respect to the path gains and the delays. We can actually say that 
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given a number of hits from other users has occurred, the hybrid system is almost equivalent 

to a DS/SSMA system with noncoherent reception.

The conditional bit error probability, which is computed as the mean of several 

situations, corresponding to the possible hit situations produced by the multiple access 

interferers, is then given by:

Pe( I = E Pe( I (5.1)
«>=0

Where Pe{ | n^ß, is the conditional bit error probability in the absence of coding, assuming 

there are ni active interferers out of K - 1 users. An expression for this probability will be 

derived in the next section. P(nß is the probability of having active interferers out of K - 1 

users. For random hopping patterns with a number of frequencies equal to q, the probability 

that any two users use the same frequency is given by 1/q. So, is given by: 

p^i) =
fK-1 
[ ni 1-1 (5-2)H

l Vi 
q J

which is a binomial distribution.

In order to use this approximation we have to meet the following requirements:

All users yield the same average power at the receiver ( a symmetrical system).

All K - 1 nonreference users have the same path power, so that the multi­

access interference power only depends on the number of hits.

All path signals of the reference user have the same path power.

When these key requirements are met and the PN sequence period N is sufficiently large, the 

multipath and multiple access interference terms consist of a large number of statistically 

independent contributions with the same distribution. This means that each interference term 

can be well approximated by a Gaussian random variable.

The influence of the multipath term is actually dependent on the bit position in the hopping 

interval. For the first bit in a block, there is nd hit with certitude with the previous bit, 

because they do not necessarily have the same frequency. For all other bits in the blocks,
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there will be a hit with certitude with the previous and current bit conveyed by interfering 

paths. We neglect the effect of this first bit, which is a reasonable assumption, because Nb is 

relatively large in case of slow frequency hopping.

5.2 Study of the bit error probability for DPSK modulation in case of 
selection diversity

In case of selection diversity of order M, thé decision variable €sdW i8 die maximum of M 

random variables £i(A). Since the data bits are equiprobable, the bit error probability can be 

written as:

(5.3)

If we assume multichannel reception in a time-invariant Rician fading channel and DPSK 

modulation for fixed delays, phase angles, bits and assuming the maximum of the envelope has 

been found (all other signals are seen as noise), we can use the bit error probability given in 

[18]:

Pe( \ni>ß^ki) = QW

where Q is the Marcum-Q function, which is defined as:

ß(fl,b) =

(5-4)

(5.5)

and where Io is the modified Bessel function of the first kind and zero order, which is defined 

as:

27T

io(ab) = — Jexp( a b cos0 )d8 
o

(5.6)

The parameters a, b ,m and po are given below.
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b = —

m a =

= VAR (VO\L, r^n.b)

-VAR^IL, r^n^b)

(5-7)

(5-8)

(5-9)

(5.10)

= COV (V^L, (5.11)

The derivation of expressions for these parameters are given in appendix A After this, the bit 

error probability given in equation (5.1) has to be averaged for all possible values of ^max and 

on the delays.

5.2.1 Influence of the Rician fading statistics

We now have to weight this result by considering the Rician fading statistics, i.e. the 

probability density function of the maximal path gain ßmax. The derivation of this PDF is given 

in appendix C. For an order of diversity equal to M and assuming of course, that all path gains 

are equally distributed independent Rician variables, this PDF becomes:

(5.12)
(M-l) r 2 i

’ Sz '
—

2
dz

^max
2 exP

n 2

^max 

2
ar ar 2ffr ar

It is through this PDF that the influence of the order of diversity can be understood. In figure 

5.1 the influence of the order of diversity M on the PDF of the maximal path gain is shown.
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Figure 5.1: Influence of the order of diversity on the PDF of the maximal path gain

The increase of the order of diversity M results in a narrower PDF, which results in a higher 

probability of determination and realization of the maximal path gain.

5.2.2 Gaussian approximation on the delays

The bit error probability only conditioned on the delays ry with selection diversity is given by:

(5-13)

It has been mentioned by many authors that integration over all path delays is very time 

consuming. Therefore an approximation has to be made.

We know that if the number of users K and the number of paths L is sufficiently large, the 

central limit theorem can be used. As a result of this, the conditional variances g,o ,
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and n are assumed to have a Gaussian distribution. The parameters belonging to the 

Gaussian distribution are the mean and the variance of the stochastic variable under 

consideration. The means and the variances with respect to r of the three /^-parameters are 

derived in appendix B. The conditioning on the delays can now be removed by weighting the 

conditional bit error probability by the appropriate Gaussian probability density functions. 

Therefore, we finally get an expression for the average bit error probability in:

ƒ ƒ ƒ J” -1)(5.14)

in which f^ (/9max) is the probability density function given in equation (5.12) and f^^) is 

the Gaussian probability density function.This integral can be simplified by considering that fz 

appears explicitly in the function Pe (see equation (5.4)). We also know that:

CO

(5.15)

In the next section we will discuss the performance of the hybrid DS/SFH system with maximal 

ratio combining.

5.3 Study of the bit error probability for DPSK modulation in case of 
maximal ratio combining

As we noted earlier, the decision variable in maximal ratio combining of order M is given by 

?mrc(A)’ which is the average of M random variables In order to be able to give an 

expression for the bit error probability in case of maximal ratio combining, we have to assume 

that the multiple access and the multipath interference is Gaussian. This means that the term 

(5.16)

in Vo is complex Gaussian and also for the similar parts of Vj (See equations (4.31) and 

(4-32)).
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We have to keep in mind that this assumption is a simplification of the mathematical 

description of the bit error probability in case of maximal ratio combining. However, this 

assumption enables us to derive some closed expressions for the bit error probability and to 

get a first idea of the behaviour of the system.

5.3.1 Definition of the decision variable in case of MRC

We consider channels in which the path gains have identical average power and in which the 

path delays are uniformly distributed in [O,TJ. The decision variable, which is given in [8, 7 

App. 4 B] is identical to £mrc, namely:

(5.17)

If the interference is assumed Gaussian, the sum of the interference and the AWGN is also 

Gaussian. These total noise terms will be denoted for Vo and N2 for V.! respectively. So 

the decision variable then becomes: 

^mrc
M I x j

- Nu pW + N2i 

i=l

(5.18)

where ßj denotes the gain and N2i and N2i the Gaussian random variables, associated with the 

ith path. We now have to make two assumptions about the noise variables.

First, we assume that N2i and N2i are independent for each i. In our case this is 

justified, because calculations have shown that /z is small in comparison with and This 

implies that the COV [Nujty is negligible compared with VAR [NjJ and VAR [^j].

Second, we will assume that the pair (Nj^^ is independent of the pair (NjpNg) for i 

j. Mathematically, this is not correct, because the delays and {7^ are not 

independent. However, there are two reasons to make the assumption physically reasonable.

First, each set of delays is taken with reference to a different time origin 

(corresponding to the arrival time of the signal on the corresponding combined path).

Second, we know that any two resolved paths (ij) are separated by at least one chip 

time period.
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The computation of the total noise term can be obtained from the computation of p0 by 

taking the expectation over the path delays. We denote this expectation by Er(po) and the 

expression is given by equation (B.8) in appendix B.

For path k, we have a signal power given by: and a total noise power given by NT

= Et(ho). Therefore, the signal to noise ratio of resoluted path k is given by:

(5.19)
"o)

With this information we are able to give an expression for the bit error probability in case of 

MRC. This will be done in the next section.

5.3.2 Definition of the bit error probability in case of MRC

If we assume that the values of the path gains are known, we can use the bit eiror probability 

given in [18] for maximal ratio combining and diversity of order M:

. M-l

Pe^ I ni) =Z(2MT)e^^b) E pA (5-20)

with

n

17 M
<5-22’

k=l

in which NT represents the total noise power. In order to remove the conditioning on the 

interferers we have to substitute equation (5.20) in equation (5.1). We then obtain the 

probability which is only conditioned on 7b. To find the average bit error probability, we only 

have to weight this conditional probability with the probability density function of 7b, which is 

given in [18] as:
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“ 2E/Nt
1b

(e/nt)s2m
1b

e/nt
(5.23)

with SM2 = MS2 and is the (M-l)th-order modified Bessel function. We finally compute 

the bit error probability by:

^e/nrc 11b) f-^Ib^lb

1b
(5-24)

Another measure for the performance is the outage probability. In the next section we will 

discuss the outage probability for the hybrid DS/SFH system with DPSK modulation.

5.4 The outage probability performance

The outage probability is defined as the probability that the instantaneous bit error probability 

exceeds a preset threshold. We denote the threshold value as bero. The instantaneous value of 

the bit error probability can be obtained by using equation (5.14). The averaging over 

should be removed and a fixed value for ßmajP ß, should be substituted. Equation (5.14) then 

alters in

CO co

W - ƒ ƒ I - ber(ß) (5-25)
-CO-CO

The outage probability (in case of selection diversity) can then be calculated as follows:

A
A« • > ber.) = f5-26)

in which ßo is the value of ß at which the instantaneous bit error probability is equal to berQ. 

The integrand is just the PDF of ^max given in equation (5.14).
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5.5 Effect of EEC coding on the performance

Error correcting codes can improve the performance of the system in some cases. In this 

section two specific codes are considered viz. the (7,4) Hamming code and the (23,12) Golay 

code. The figures between brackets (n,k) means that k source bits are transformed into a 

block of n channel bits by coding.

From coding theory we know that a code with a Hamming distance dmin is able to correct at 

least t=(dmin -1)/2 errors [18]. The Hamming distance for the two types of codes are:

- Hamming code: dmin = 3;

- Golay code: dmin = 7.

This means that the codes can correct one and three errors respectively. The probability of 

having m errors in a block of n bits is:

(!-.?ƒ ■" (5.27)

The probability of having more than t errors in a code block of n bits is:

n

Pec = E 
m=t+l

An approximation for the bit error probability after decoding is given in [1] as:

n

n 
E m. 

m=t+l

(5.28)

(5.29)

in which Pe is the conditional bit error probability at the hard decision output. This means the 

bit error probability obtained with equation (5.29) must be substituted in equation (5.1) in 

order to get the average bit error probability.
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5.6 Study of the bit error probability for BPSK and QPSK modulation

The methodology which is followed is similar to the one presented [2] and section 5.1.

The multipath term of the in-phase signal of the QPSK receiver, denoted as Ic mp is given by:

+ ♦ b?^ - b,.^ (5.30)

For BPSK the multipath term, denoted as Imp is given by:

^mp = JP/8 + b0^ (5.31)

The multiple access noise, denoted as Icma corresponding to the assumption of active 

interferers for QPSK is given by:

k=2

(5.32)

and for BPSK this term is given by:

^ma
k=2

b^ * b^ (5.33)

The bit error probability, assuming n; interferers, is defined as the probability that the decision 

variable is lower than 0 assuming a "1" was transmitted (or conversely). In case of QPSK we 

then get:

pf =pLc < 0 I b^ = 1 I <534)

and for BPSK we have:

=P zo < 0 I b{ = 1 <535)

Here z0 c and zo are given by equations (4.40) and (4.41) respectively. In order to compute the 

power of the multipath and multiple access terms for BPSK and QPSK exactly, we have to 

make some comments.
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We assume that we deal with a given channel, which means that the absolute value of the 

delay range is known. The bit duration of BPSK was assumed to be T and the delay was 

assumed to be uniformly distributed over this bit duration. Accordingly, in case of QPSK the 

bit duration is twice the one of BPSK Therefore, the delay for QPSK has to be considered as 

being distributed uniformly over half of the QPSK bit duration. Considering this and according 

to an approach proposed in [9], the power of the multipath and multiple access are very well 

approximated by:

and

- 1)
S2 + __
2

2 ƒ2 

IN
(5.36)

- n; L 
8 '

2 S2 2T2 
3N

(5.37)

2

respectively, for both QPSK and BPSK

The bit error probability can be computed as a function of the bit energy to total noise power 

spectral density assuming the value of ß^. The bit error probability has to be averaged over 

the distribution of ßy. If we assume that the total noise is Gaussian with zero-mean, we can 

use the bit error probability given in [18]:

(5.38)

We define the following normalized variable:

OH; = ------------- -----------1J / 2 21 °’5
2a; + s2

(5.39)

We finally can write the bit error probability, given a number of active interferers, as:
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(5.40)

The bit error probabilities are given as functions of the mean received bit energy to noise 

ratio. It is assumed, that the multipath interference associated with the reference user is due 

to L paths instead of L -1.

5.6.1 Study of the system with selection diversity

Selection diversity means that the largest of a group of M signals, carrying the same 

information, is selected. As mentioned in chapter 3, the order of diversity is equal to the 

number of resolvable paths times the number of antennas. The decision variable is denoted by 

which is the largest among the set of M values. In order to obtain the average bit error 

probability, we have to average the probability in equation (5.40) with the PDF of the 

maximum path gain ßmax> instead of ß. A change of variables gives:

a--------- _______
/ 2 2 I0’5

S2 + 2a:
(5.41)

and

y =
+ 2a2

(0,5 (5-42)

For the PDF of the maximum path gain we then find:

ax
(a) 2y (1 + Ä) exp (-2? - (1 + R) y1) Io + R) y) dy

(M-l)

(5.43)

x 2 a (1 + R) exp (-a2 (1 + R) - R ) 1° ( 2^(1 + R) a )

The average bit error probability is given as a function of the mean bit energy to white noise 

ratio at the receiver.
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5.6.2 Study of the system with maximal ratio combining

In case of maximal ratio combining, the contributions of several resolved paths are added 

together. The combiner that achieves the best performance is the one in which each matched 

filter output is multiplied by the corresponding complex-valued channel gain [18]. This 

complex gain compensates for the phase shift and introduces a weighting associated with the 

signal strength. The realization of such a receiver is based on the assumption that the channel 

attenuations and phase shifts are perfectly known.

Considering the decision variable zo in case of MRC, we have:

zo =Re
M M

i=l i=l

(5-44)

Each term involved in the combination process is corrupted by AWGN and the multi-user and 

the multipath interference. We make the assumption that the noise due tothe multi-user and 

the multipath interference is also Gaussian and that all noise terms can be added together. We 

also assume that the noise terms affecting 2 different paths, are independent. On close 

examination this is not correct, however for the same reason as discussed in section 5.3.1, this 

assumption can be used.

Using the bit error probability given in [18], we have:

’« - j [fi/] (5.45)

where the signal to noise ratio per bit is given by:

tZe- m
- 1 a2

16JV 11O7Vr m=l
(5.46)

We the need to average on the PDF of t = Xm=i®im- average of this random variable is 

given by M (2u^ + S ), which also represents the average gain at the receiver. We will 

perform a normalization of t with respect to the average value. The normalized variable v is 

the given by:



Performance of the hybrid DS/SFH system 47

(5.47)

The PDF of v is then given by:

f(v) =M[1 +R] exp (-MR - Mv(l + ƒ?))
(5.48)

x 1^ ( 2M ^(1 + R) )

The following bit error probability, averaged over this PDF provides the average bit error 

probability as a function of the mean received bit energy to noise ratio:

pe(ni) = 5 etfc 
£

+ S2)
-1

1 2L
3NMv

-0,5

(5-49)
(1 + «,)
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6. NUMERICAL RESULTS FOR THE PERFORMANCE

In this chapter we present the numerical results of the average BER and the outage 

probability of the hybrid DS/SFH system with diversity and FEC coding.

These results will be given as a function of the ratio of energy per bit Eb and the 

spectral density No of the AWGN. We know that Eb is equal to P.T , so in order be able to 

compare the performance for different bit rates for the same signal to noise ratio, we take 

care that the bit energy Eb remains the same for different bit rates. This means that if the bit 

duration T changes due to a changes in bit rate, the transmitted power P also changes so that 

Eb remains constant.

In the first section we will present the results of the BER without coding for different 

parameter settings. The second section deals about the outage probability also for different 

parameters. In the third section we will consider the effect of FEC coding on the BER. A 

comparison with the performance, obtained with another model and with other modulation 

schemes will be given in the fourth section

6.1 BER performance without coding

We will consider a number of users of K=15, unless stated otherwise. In table 6.1 and 6.2 the 

relation between the rms delay spread Tm, the various bit rates, different code lengths the 

maximum number of resolvable paths L is given. These results are obtained with equation 

(3-5).
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Table 6.1: Delay spreads (in ns) corresponding with three bit rates and the 

maximum number of resolvable paths for N=127.

32 kbit/s 64 kbit/s 144 kbit/s

L = 1 Tm<250 Tm < 123 Tm < 55

L = 2 250 < Tm < 490 123 < Tm < 246 55 < Tm < 110

L = 3 - 246 < Tm < 370 110 < Tm < 165

L = 4 - - 165 < Tm < 220

L = 5 - - 220 < Tm < 275

Table 6.2: Delay spread (in ns) corresponding with three bit rates and the 

maximum number of resolvable paths for N=255.

32 kbit/s 64 kbit/s 144 kbit/s

L = 1 Tm < 123 Tm < 61 Tm < 54

L = 2 123 < Tm < 246 61 < Tm < 122 27 < Tm < 54

L = 3 246 < Tm < 369 122 < Tm < 183 54<Tm<81

L = 4 - 183 < Tm < 244 81 < Tm < 108

L = 5 - 244 < Tm < 305 108 < Tm < 135

L = 6 - - 135 < Tm < 162

L = 7 - - 162 < Tm < 189

L = 8 - - 189 < Tm < 216

L = 9 - - 216 < Tm < 243

L = 10 - - 243 < Tm < 270
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In figure 6.1 the average BER is presented for selection diversity (SD) and maximal ratio 

combining (MRC) with the order of diversity M as parameter.
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Figure 6.1: BER for DSISFH with SD and MRC with M as parameter; q=10; L=5; 
Rc= 64 kbit/s; K=15; N=255; R=6,8 dB

a: nondiversity;

b: M=2 with SD;

c: M=2 with MRC;

d: M=3 with SD;

e: M=4 with SD;

f: M=3 with MRC;

g: M—4 with MRC;

From the plot is it seen that the performance of MRC is better than the performance of SD, 

however for a low order of diversity the difference in performance is less than for higher 

orders of diversity. The asymptotes of the curves are due to the multi-user interference; this 

limitation would disappear if the multipath interference would be zero, the signal-to-noise 

ratio were infinite and if the number of frequencies in the hopping pattern were infinite.
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In figure 6.2 the effect of different parameter settings on the average BER in case of MRC is 

presented with the constraint of a fixed bandwidth. This means that N.q.Rc is kept constant.
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Figure 6.2: BER of DS/SFH with MRC for different parameter settings given a fixed 
bandwidth; M=2; Tm=250 ns; R—6,8 dB.

a: N=127; Q=21; R=144 kbit/s; L=5 d: N=127; Q=98; R=32 kbit/s; L=2

b: N=255; Q=10; Rc=144 kbit/s; L=10 e: N=255; Q=49; Rc=32 kbit/s; L=3

c: N=255; Q=24; R=64 kbit/s; L=5.

It is seen that a bit rate of 144 kbit/s yield a relatively poor performance. It is also obvious

that code period of N=V27 yields a worse performance than with the code period of N=255.

We can explain these results by considering equation (3.5) and table (6.1) and (6.2).

First, according to equation (3.5) the number of resolvable paths is influenced by the 

rms delay spread Tm, the bit rate Rc and the period of the spreading codes N. An increase of 

the data rate increases the number of resolvable paths for the same spreading code period. 

The increase of the number of resolvable paths yields a higher level of multipath interference 

and this causes a relative high level of multipath interference.
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Secondly, from the different combinations of constant N and q at fixed bit rate, it is seen that 

a doubling of the spreading code period yields a better performance than a doubling in the 

number of frequencies.

Third, the value of the maximum delay spread is of importance as well. A decrease of 

this parameter will decrease the number of resolvable paths. Accordingly, this will result in an 

increase in performance, because of the diminishing level of multipath interference.

6.2 Comparison of the BER of hybrid DS/SFH and pure DS

In table 6.3 we present a comparison of hybrid DS/SFH and DS in case of selection diversity 

(SD) for two bit rates and for two values of the order of diversity M. The transmission 

bandwidth Bp, which is proportional to Rc.Nq, is taken as parameter. The results for DS are 

obtained from [7].

Table 6.3: BER comparison of DS and hybrid DS/SFH with SD for two bit rates, two values of 

M and the bandwidth as parameter; EiJNo=40 dB; Tm=250 ns; R=6,8 dB; K=15.

M Rc[kbit/s] DS

N=255

Hybr. DS/SFH 

q=2 N=127

Hybr. DS/SFH 

q=10 N=127

Hybr. DS/SFH 

q=5 N=255

4 32 3,2.10'5 2,0.10-5 2,9.W11

4 64 6,0.10^ 3,1.10’2 l,0.103 i,i.io-5

8 32 e^io-6 9,0.107 2,2.1O10 l,6.1012

8 64 3,0.10'5 l,8.10-2 SAIO-4 8,2.10'7

It is seen that under the constraint of the same transmission bandwidth the performance of 

hybrid DS/SFH is slightly better than DS for the bit rate of RC=S2 kbit/s and for both orders 

of diversity. For the bit rate of Rc=6^ kbit/s and under the same constraint, the performance 

is in favour of DS, for both orders of diversity. A higher bit rate means a higher number of 

resolvable paths, according to the tables (6.1) and (6.2) and this means a higher level of 
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multipath interference. Apparently, for a low number of resolvable paths, which is the case for 

the lowest bit rate, hybrid DS/SFH with a number of frequencies q=2 is able to deal with the 

worse correlation properties of spreading codes with period N=127. For a higher number of 

resolvable paths, the number of frequencies of q=2 is insufficient to overcome the effect of 

increased multipath interference and the effect of the low spreading code period, for both 

orders of diversity.

The situation for which the transmission bandwidth is increased by a factor 5 for the 

hybrid system, through the combinations 77=127 and #=10 or N=255 and q=5, shows 

something different. In case of N=127 and #=10 the performance of the hybrid system for 

the highest bit rate is better than DS and for the highest bit rate it is worse than DS for both 

orders of diversity. It is obvious that even a number of frequencies as high as #=10 is not able 

to overcome the effect of the spreading codes and the multipath effects, due to the increased 

number of resolvable paths in case of the highest bit rate.

The combination of N=255 and #=5 shows that the performance for both bit rates is 

in favour of the hybrid system for both orders of diversity. Besides, this combination yields a 

better performance than the previous combination of N and q, due to the better correlation 

properties of the spreading code with period N=255.

6.3 The outage probability performance

We consider the outage probability as a function of the signal to white noise ratio ( ratio of 

the energy per bit and the density of the AWGN). The threshold value is taken to be 0.01 in 

our case. In figure 6.3 the effect of the order of diversity on the outage probability in case of 

SD is presented.
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Figure 6.3: Outage probability in case of SD for. a fixed bandwidth with M as parameter 
N=255; Q=10; R=6,8 dB; L=5; Rc=64 kbit/s; Tm=250 ns; K=15.

a: M=l; b: M=2; c: M=3; d: M=4.

It is obvious that an increase in the order of diversity decreases the outage probability 

considerably. This is due to the fact if we consider figure 5.1, in which it shown that a higher 

order of diversity yields less spread in the PDF of the maximum path gain ßmax.

In figure 6.4 we present the effect of different parameter settings on the outage probability, 

with the constraint of a fixed bandwidth.
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Figure 6.4: Outage probability in case of SD with different parameter settings given a fixed 
bandwidth; M—2; R—6,8 dB

a: N=127; Q=21; Rc=144 kbit/s; L=5 d: N=127; Q=98; Rc=32 kbit/s; L=2 

b: N=255; Q=10; Rc=144 kbit/s; L=10 e: N=255; Q=49; Rc=32 kbit/s; L=3 

c: N=255; Q=24; Rc=64 kbit/s; L=5

It is seen from these plots, that relative high bit rates yield a very poor performance in terms 

of outage probability. The same as with the bit error probability, this is due either to the 

worse correlation properties of codes with N=127 or to the relatively large number of 

resolvable paths at high bit rates. As discussed before, an increase of the number of resolvable 

paths causes an increase in the multipath interference level.

Under the constraint of a fixed bandwidth only the combination of relatively low bit 

rates and a sufficiently large spreading code period yield a reasonable performance. If the 

constraint of the fixed bandwidth is left, the performance can be enhanced by using a 

sufficiently large number of frequencies in combination with large spreading code periods.
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6.4 Effect of FEC codes on the BER performance

We know that with DPSK demodulation, the errors at the hard decision device tend to occur 

in bursts of length two [1]. In order to avoid such a burst affecting two bits of a single code 

word, interleaving and deinterleaving of order two is applied. This will make the errors within 

a. single codeword statistically independent, because these errors belong to different error 

events.

Another important observation is, that if the information bit rate should remain unchanged 

when FEC codes are used, the signalling rate should be increased [22]. This increases the chip 

rate, which causes an increase in the number of resolvable paths L.

Besides, the BER in case of no coding is given as a function of the ratio of the source 

bit energy Eb and the spectral density of the AWGN No. In case of coding we have a bit 

energy to noise ratio of EfN^ which is given by:

^br
No No c

(6.1)

,where rc is the code rate which equals k/n (see section 5.5). In case of the (7,4) Hamming and 

the (23,12) Golay codes, rc is approximately equal to 0.5. This means that EilNo is 3 dB lower 

than the ratio of the source bit energy Eb and No in case of FEC coding.

In figure 6.5 the effect of FEC coding on the performance of the hybrid system is 

presented, again with the constraint of a fixed bandwidth and as a function of the ratio of 

source bit energy and the spectral density of the AWGN. The code, which is used, is the 

(23,12) Golay code, which transforms a block of 12 bits into a block of 23 bits. This code has a 

code rate rc equal to 12/23 (=0,52). This means that for the constraint of a fixed bandwidth, 

we can compare the following two cases:

A: - no coding, N=255 and ^=10;

- coding, N=121 and <7=10;

Bs - no coding, N=255 and ^=20; 

- coding, N=255 and #=20
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Figure 6.5: BER of hybrid DS/SFH in case of SD with and without FEC coding at fixed 
bandwidth; q=10, R=6,8 dB; K=15; Tm=250 ns; Rc=64 kbit/s.

a: M=l, Golay code, N=127, L=6 c: M=l, no coding, N=255, L=5

b: M=2, Golay code, N=127, L=6 d: M=2, no coding N=255, L=5

It is seen that the performance with coding worsens the performance. This is due to the value 

of the spreading code period of N=127, which has worse correlation properties than N=255, 

together with a larger number of resolvable paths, which increases the multipath interference, 

too many errors occur. And since the error correction code is able to correct a limited number 

of errors, the performance is not enhanced.

Even selection diversity of order 2 together with FEC coding does not give a better 

performance than no diversity without coding.

In figure 6.6 we consider the bandwidth fixed, but now we change the number of frequencies 

in the hopping pattern instead of the spreading code sequence.
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Figure 6.6: BER of hybrid DS/SFH in case of SD with and without FEC coding at fixed 
bandwidth; N—255, R—6,8 dB; K=15; Tm=250 ns and Rc=64 kbit/s.

a: M=l, no coding, q=20, L-5; c: M=2; no coding q=20, L=5 

b: M=l, Golay code, q=10, L=10 d: M=2, Golay code, q=10, L=l()

From the figure it is seen that the use of FEC coding enhances the performance. Although 

the bandwidth is twice the one of figure 6.5, it is obvious that with a constant spreading code 

period N=255, a number of frequencies q=10 and Golay coding the performance is better 

than the situation without coding.

Despite the relative high number of resolvable paths in the case of coding, the 

sufficiently long spreading code, the large number of frequencies and the error capabilities of 

the FEC code in combination makes it possible to enhance the performance.
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6.5 Comparison of the performance of the hybrid DS/SFH systems with 

QPSK, BPSK and DPSK modulation.

In the previous sections we have presented the numerical results of the performance of the 

hybrid DS/SFH system with DPSK as modulation scheme. In order to get a good idea about 

the performance of DPSK compared to the performance of other modulation schemes, we will 

compare the BER of DPSK with the BER of BPSK and QPSK The results of the 

performance of the hybrid system, in terms of average BER have been presented in [4].

As far as the comparison of QPSK and BPSK is concerned, some constraints have to be taken 

into account.

If we require that the bit rate in both systems should be the same, we will have T_ = 

2Tb, where and Tb are the bit durations for QPSK and BPSK respectively. In addition, we 

require that the bandwidths should be the same, which means that the ratio NqtT 

should be the same for both systems. This leads to the following requirement:

(6.1) 
nr.

Considering the bit rate constraints, we have: Nq qq = 2Nb qb. If we finally assume the same 

number of frequencies for both systems, we get: Na = 2Nh.

This has consequences for the multipath and multiple access noise. Considering the 

expressions for these types of noise, given in equations (5.36) and (5.37), we see that the 

multi-access and multipath noise for BPSK is twice of that of QPSK This means that, under 

the condition of constant bandwidth and bit rate, the performance of a QPSK system with a 

code length of 128 chips is equivalent to the performance of a BPSK system with a code 

length of 256.

In this comparison, we have taken Nq=255 for QPSK, Nb=121 for BPSK and N=255 

for DPSK

In table 6;4 the BER, according to the three modulation techniques, has been presented. We 

have compared the performance in case of <7=10 and q=50, M=1 and M=3 under the 

constraints of a fixed bandwidth and bit rate. Both SD and MRC have been considered.
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Table 6.4: BER comparison of three modulation schemes; £^^=25 dB; L=8; K=15.

Diversity M Q QPSK BPSK DPSK

SD 1 10 2.10-3 6.10-3 4,3.10’2

SD 3 10 7.10^ 2.10-4 l,2.10-2

SD 1 50 I.IO'3 3.10-3 6,7.103

SD 3 50 3.10-7 8.10* 7,5.10*

MRC 1 10 2.10-3 6.10-3 4,3.10’2

MRC 3 10 2.10'7 6.10* 4,0.10-3

MRC 1 50 l.W3 3.10-3 6,9.10*

MRC 3 50 5.10-’ 3.10-7 1,7.10*

From this table it is seen that systems using DPSK, perform poorer than systems using BPSK 

or QPSK This is due to the fact that DPSK is assumed to be detected noncoherently at the 

receiver, as opposed to BPSK and QPSK, which are assumed to be detected coherently at the 

receiver. In the DPSK demodulator the noise variance is twice as large as in case of BPSK or 

QPSK Besides, under the constraint of fixed bandwidth and data rate the system with QPSK 

yields a better performance than the one with BPSK

This is due to the fact that the multi-user and multipath interference of the BPSK 

system is twice the interference of the QPSK system, according to equations (5.36) and (5.37). 

This is the consequence of the condition of the signature sequences: Nq = 2Nb, in order to 

have the same bandwidth.

Without the bandwidth and bit rate constraint, BPSK and QPSK should give 

approximately the same performance [18].
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6.6 Comparison of two models of hybrid DS/SFH

Also the comparison of the model used in this performance analysis with other models 

described in literature is valuable. Therefore we will give a comparison of the performance of 

our model, denoted as model 1, with the performance of another model described in 

literature [2], denoted as model 2.

The model, given in [2] also describes the performance of a hybrid DS/SFH system 

with DPSK modulation over Rician fading channels. However, in order to simplify the 

calculations in model 2, random spreading code sequences were used. This means that for 
each user k, the set of spreading codes (a^) consists of a sequence of mutually independent 

random variables, taking values {+1, -1} with equal probability. This means that the signature 

sequences, assigned to the different users, are mutually independent [9]. Especially for the 

necessary averaging over the path delays, this provides some extreme simplifications.

, The model presented in this report takes model 2 as a starting point, but does not use 

random signature sequences. Instead, deterministic spreading sequences are used, which 

requires some extended calculations with regard to the averaging over the path delays.

In table 6.5 the BER of the two models are presented. The only difference in the comparison 

is that model 1 uses a spreading code period of 127 and model 2 uses a code period of 63.

Table 6.5: Comparison of the BER of two models of hybrid DS/SFH with MRC: L=4;

K=10; Q=30; R=3 dB; 30 dB.

Order of diversity model 1 with N=127 model 2 with N=63

M=1 i,i.io-2 i.io-2

M=2 l,4.10-3 8.10-4

M=3 2,3.104 6.10-5

M=4 4,4.10-5 6.10^
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From the table it is seen that model 2 yields a lower BER than model 1, despite the shorter 

signature sequence. The difference between the bit error rates becomes smaller for higher 

orders of diversity.

On first sight we would expect that the system with code length N=Y11 would yield a 

better result than the system with code length N=6i. However, the lower BER obtained with 

model 2 is due the use of random spreading code sequences. The expectation of the 

correlation functions of these random sequences with respect to the delay t, yields a different 

result than the expectation of the correlation functions of the deterministic signature 

sequences. As shown in section B.4 of appendix B, the expectations of the correlation 

functions of the deterministic signature sequences are quite extensive.



Throughput and delay analysis of a hybrid DS/SFH system with DPSK 63

7. THROUGHPUT AND DELAY ANALYSIS OF A HYBRID DS/SFH 

SYSTEM WITH DPSK

In this chapter we discuss the performance of a slotted CDMA network, employing hybrid 

DS/SFH, in terms of throughput and delay. In order to give a good description of the network 

features of this CDMA communication system, a lot of phenomena has to be taken into 

account. From a mathematical viewpoint the modelling of such systems is quite complex.

Our purpose, however, is to get a first impression about the system behaviour. 

Therefore we will use a relatively simple model, which can be set up only when several 

requirements are met and some assumptions are made.

We will start the discussion with a description of the network model, with the 

assumptions and requirements. Second, the packet flow and arrival model is described. After 

that, derivations of the expressions for the packet success probability, throughput and the 

delay will be given.

7.1 Description of the network model

For our analysis we consider a centralized network, in which the various users communicate 

with each other by a coordinating base station. The base station consists of a bank of spread 

spectrum transceivers; each transceiver at the base station can communicate with one specific 

user (as shown in figure 1.1). Each user has his own spread spectrum code and hopping 

pattern. We consider a fixed frequency band, which is determined by the spreading code 

length and the number of frequencies in the hopping pattern. This network has the following 

characteristics:

Data is transmitted in packets of Np bits;

The system is slotted;

The time slot is equal to packet duration;

The system has a positive acknowledgement scheme;

The following key requirements have to be met in order to be able to derive the appropriate 

expressions:
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All users are identical, i.e. each user face the same probabilistic circumstances 

in the channel; the same holds for the transceivers at the base station 

(symmetry condition);

The average received power at the base station is equal for all users;

The acknowledgements are almost free from a capacity viewpoint, fully reliable 

and instantaneous;

The channel is memoryless, i.e. the transmitted packet experiences a channel in 

which the number of active users is uncorrelated with the users in the prior 

attempt.

The system is in a stable state.

In CDMA systems based on DS and SFH there is always some interference among 

simultaneously transmitting users, which is mainly due to two causes:

First, practical codes don’t have ideal cross- and/or autocorrelation properties. This is 

called cross correlation multiple access interference.

Second, two users might accidentally use the same carrier frequency, which causes 

errors in the transmitted bits. Therefore in the CDMA system there is a pronounced 

threshold, where the system performance degradation as a function of the number of users, 

ceases to be gradual and performance degrades rapidly. The point of destructive interference 

or contention is called the CDMA threshold. This threshold is therefore defined as the 

number of users that can transmit simultaneously within a shared frequency band without 

destructive interference occurring. We assume the system degradation to be a step function 

located at the system capacity of C users.

We assume the number of users transmitting data packets simultaneously within a specific time 

slot in slotted CDMA is k. In a CDMA system fatal collisions occur and all packets are 

destroyed as soon as the number of active users rises above the threshold capacity C. The 

packets are lost due to excessive bit errors when the number of simultaneous transmitting 

users exceeds C.
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7.2 Description of the packet flow and arrival model

The arrival model describes the packet traffic resulting from C users which attempt to transmit 

during a time slot. The model is shown in figure 7.1.

New packets

Retransmitted packets

Radio channel

Delay
Erroneous packets

Succesful packets

Figure 7.1: The packet flow model

The number of new transmission attempts is called the channel input. If a transmission 

attempt is not successful (no acknowledgement received) a retransmission is attempted after a 

random delay. The total number of transmission attempts (number of active users), denoted as 

k therefore consists of new and retransmission attempts. Under the condition of a finite 

number, identical and statistically independent users, we can describe the distribution of k by a 

binomial distribution. The probability that a user has a packet ( new or retransmission packet) 

is denoted as Pnt. The probability P that k packets are generated during a time slot is then 

given by [19] as:

(7.1)

The offered traffic G, which is defined as the average number of transmissions (new packets 

plus retransmitted packets) per time slot by k users, is given by:
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G = E(® = CJ>nt

So we can write Pnt as:

_ G
" Cnt (73)

The basic limitation of this arrival model is the demand for a stable system, i.e. the time 

between generation of packets by a user (inter-arrival time) is larger the time needed for the 

successful transmission of a packet (average packet delay).

7.3 Derivation of the packet success probability

The event of a "packet success" can be interpreted in different ways [5]. We can regard the 

success probabilities from the transmitter viewpoint as well as from the receiver viewpoint and 

in general, these probabilities won’t be the same. Besides, the success probabilities of the 

different users are in general not the same as well. All of these complications make the 

mathematical description of the packet success probability quite complex. In order to get a 

first impression of the system behaviour and to be able to derive a simplified expression for 

the packet success probability, we make the following three assumptions:

The different transmitter-receiver pairs are assumed to be statistically 

independent;

The transmitter success is equal to the receiver success, which is valid under 

the forementioned symmetry condition (page 64);

Each transmitter has the same probability of success.

The probability of success from a particular transmitter’s viewpoint, given another (k - 1) other 

packets in the channel is denoted as Pk(k). We can interpret the success probability as the 

probability that the packet is received without any bit errors. Under the conditions mentioned 

above, we can consider the number of channel successes S, given k packets in a time slot, to
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be binomially distributed. The expression for this distribution then becomes:

[w]s[» - w]4" (7-4)0 < s < k

The conditioning on k can be removed with help of Bayes’ theorem, which yield the 

expression for the probability of s successful packets.

P(S^) = £ P{S=s\k)Pk 
jt=o

(7-5)

It should be kept in mind that so far we didn’t take the channel statistics into account. The 

effect of the channel will be discussed in the next sections.

7.3.1 Packet success probability in case of a slow Rician fading channel

With the bit error calculations, we have assumed the channel to be of the slow Rician fading 

type. With this channel model we assume that the channel parameters do not change 

considerably for the duration of one packet. This implies that all bits in a packet are received 

with almost the same average power.

In order to incorporate the channel statistics we have to reconsider the probability of success 

of one packet given (k - 1) other packets Pk(k). It is necessary now to condition this 

probability on the random parameters, of the channel, i.e. ßmax, n0 and

Pk ( ^1 ^0’ ^-1’ - 1 Pe ( (7.6)I ^max’ ^0’ M_1, ß, k]

where the error probability is given by equation (5.4) with nz- replaced by k and by the p- 

parameters. The conditioning on the channel statistics can be removed the same way as with 

the determination of the average bit error probability given in equation (5.14). So, the 

expression for the probability of one successful packet given k simultaneous transmitting users 

P£(k), is given as:
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r "\n
w=rrn p p.?)

where f() represents the PDF of the random variables. The packet success probability for a 

fast Rician fading channel will be discussed in the next section.

7.3.2 Packet success probability in case of a fast Rician fading channel

In case of fast fading, the channel variations are fast relative to the signalling interval. Thus 

each signalling symbol is affected by fading independently from the other symbols. Therefore, 

if we send data in packets over a fast fading channel, all data bits undergo the fading 

independently.

This means that the packet success probability doesn’t have to be averaged over the 

path gain any more; the probability is just given by:

- [1 - w]Nb <7-8)

in which Pe(k) is the average bit error probability given by equation (5.14). After the 

determination of the packet success probability, we now are able to derive an expression for 

the throughput, which will be done in the next section.

7.4 Derivation of the throughput and delay

We define the throughput as the number of successfully received packets per time slot. In this 

analysis we will normalize the throughput on the system capacity C, in order to be able to 

compare the results obtained here, with results from literature [19], Assume k transmission 

attempts during a time slot, then the normalized throughput is given as the expected number 

of successes per time slot:

£Pi - i E «-ns-») <7-9)
C C A:=l
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Substitution of equation (7.5) and (7.7) in (7.9) then yields:

C S=1 Jt=l

When we exchange the summation and rearrange the expression, we get:

C Jt=l S=1

The second summation yields the conditional expectation of s given k and equals the 

conditional expectation belonging to the binomial distribution of equation (7.4), which is given 

by E[s I k] = k P£(k). In which P£(k) is given by equation (7.7) in case of slow fading. So, we 

finally get the expression for the normalized throughput for a slow Rician fading channel:

1 c
S, ■ i £ wZw [ packets / time slot ] 

c k=i

In should be mentioned that in //case of fast Rician fading the packet success probability in 

equation (7.12) must be replaced by equation (7.8).

The average delay D of the system is defined as the average number of packet slots between 

the generation and successful reception of a packet.

A new packet will be generated at a random time within a time slot. The average time 

between the generation of a packet and the start of the next time slot is /zTp, with Tp being 

the duration of a packet. The packet is transmitted in the first time slot after the slot in which 

it was generated. When the packet is received successfully, the total delay between generation 

and successful reception is equal to l,5Tp, in which we have neglected the propagation delay. 

This is reasonable in an indoor environment. The receiver becomes aware of an unsuccessful 

transmission after waiting Ta seconds, in which Ta is the duration of an acknowledgement 

packet. The transmitter will wait Tr seconds until the start of the next time slot and will 

transmit the packet in a second attempt. Tr is called the retransmission delay. The delay is 

shown in a timing diagram, which is given in figure 7.2.
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1 st attempt 2 nd attempt

Generation Reception of an 
erroneous packet

Successful 
reception

Figure 7.2: Timing diagram illustrating the packet delay

We can define the probability of success per transmitted packet as:

C.S
P(suc. per packet) =

Then we can give the average delay as:

(7.13)

D = l,5Tp + G 
äs’ n

(7.14)

in which (G/CSn - 1) is the average number of retransmissions needed for a packet to be 

received successfully.
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8. NUMERICAL RESULTS FOR THE PERFORMANCE

In this chapter we present the numerical results of the throughput and delay analysis of the 

CDMA network based on hybrid DS/SFH with selection diversity. The normalized throughput 

will be given as a function of the offered traffic G. We have investigated the performance at a 

signal to white noise ratio of 20 dB. Further, it is assumed that the CDMA threshold is 30 

active users. The indoor radio channel is assumed to be of the slow Rician fading type.

In the first section we will consider the throughput for different parameter settings without 

FEC coding. The second section gives the effect of FEC coding on the throughput. The third 

and fourth section give the delay results for a system without and a system with FEC coding 

respectively.

8.1 Throughput performance without coding

In figure 8.1 the influence of the order of diversity M for a packet size of 128 bits is 

presented. It is seen that the throughput of the system increases with an increase of the order 

of diversity. This is due to the fact that with an increase of M the BER decreases. This results 

in a larger packet success probability, according to equation (7.6) and (7.7).

Further, it is obvious that the maximum of the throughput shifts to the right as the 

order of diversity increases.
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Figure 8.1: Effect of the order of diversity on the throughput with a packet size of 128
in case of SD; Q=10; N=255; Tm=100 ns; L=4; R=6,8 dB

a: M=4; b: M=3; c: M=2; d: M=1

The effect of the order of diversity on the throughput with a packet size of 1024 bits is given 

in figure 8.2. It is seen that the throughput still increases with an increase of the order of 

diversity, however the maximal throughput in case of M=4 is almost half the maximal 

throughput in case of a packet size of 128 bits. This is due to the fact that the increased 

packet size decreases the packet success probability, according to equation (7.6).

However, an increase of the order of diversity yield a smaller BER. So, in order to 

obtain a reasonable throughput of large packets, one should use a receiver with a sufficient 

large order of diversity.
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Figure 8.2: Effect of the order of diversity on the throughput with a packet size 1024 in case 
ofSD; E^No=20 dB; Q=10; L=4; Tm=100 ns; N=255; R=6,8 dB

a: M=4; b: M=3; c: M=2; d: M=l.

In figure 8.3 the effect of the packet size on the throughput is presented. We have taken the 

order of diversity M equal to two. The plots show that the throughput decreases with an 

increase of the packet size. Only with packet sizes of 64 bits and 128 bits a reasonable value of 

the maximum throughput is achieved.
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Figure 8.3: Influence of the packet size on the throughput in case of SD; M=2; Q=10; 
N=255; L=4; Tm=100 ns; a: Np=64; b: Np=128; c: Np=512; d: Np=1024.

In figure 8.4 we have considered the throughput performance for different parameter settings 

with the constraint of a fixed bandwidth and a fixed data rate. The plots show a large range in 

which the maximum throughput varies. It is seen that in general the throughput decreases with 

an increase of the number of resolvable paths in combination with a small spreading code 

period N. Even the relatively small packet size of 42 bits does not give a reasonable value of 

the throughput when L is relatively large.

The cause for the poor performance is the increased level of multipath interference 

when L increases. This causes the BER to increase, which yield a smaller packet success 

probability. When the period of the spreading codes decreases, the multi-user interference 

increases, which also causes a higher BER.

The increase of the number of frequencies in the hopping pattern, is not capable to 

diminish the effect of increasing number of resolvable paths and decreasing the spreading code 

period. It is obvious that an appropriate choice of the parameters, a reasonable value of the 

throughput can be obtained.
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figure 8.4: Effect of the different parameter settings on the throughput for a packet size of 42 
bits given a fixed bandwidth; M=2; R=6,8 dB;

a: N=255; Q=10; L=4; T=100 ns c: N=255; Q=10; L=10; T=250 ns

b: N=127; Q=20; L=2; T=100 ns d: N=127; Q=20; L=5; T=250 ns.

8.2 The influence of FEC coding on the throughput

Figure 8.5 shows the comparison of the throughput with a packet size of 128 bits for systems 

with and without coding. It is seen that nondiversity without coding yields the poorest result, 

with respect to the throughput. The best result is obtained with high diversity order and Golay 

coding.
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Figure 8.5: Comparison of the throughput with and without FEC coding for a packet size of 
128 bits; Tm=100 ns; N=255; Q=10; R=6,8 dB;

a: M=3, Golay code, L=8

b: M=3, Hamming code, L=8

c: M=3, no coding L=4

d: M=l, Golay code, L=8

e: M—l, Hamming code, L=8

f: M=1 no coding L=4

Figure 8.6 shows the effect of FEC coding on the throughput in case of a packet size of 1024 

bits. It is seen that nondiversity with and without coding yield a relatively poor result. Only 

diversity of order 3 with Golay coding yields a reasonable throughput.

In general, we can say that in order to obtain an acceptable performance for large 

packet sizes, we have to use a sufficient large order of diversity and FEC coding.
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Figure 8.6: Comparison of the throughput with and without FEC coding for a packet size of 
1024 bits; £^=20 dB; N=255; Q=10; R=6,8 dB

a: M=3, Golay code, L=8

b: M=3, Hamming code, L=8

c: M=3 no coding, L=4

d: M=l, Golay code, L=8

e: M=l, Hamming code, L=8

f: M—l, no coding, L=4

8.3 The delay performance without coding

We have considered the delay as a function of the offered traffic. Further, we have taken the 

retransmission delay Tr equal to one. We will assume the same parameter settings as with the 

corresponding plots of the throughput.

Figure 8.7 presents the effect of the order of diversity on the delay for a packet size 

with the same parameters as in figure 8.1. It is seen that a high order of diversity causes a 

relative low delay in the system. Systems without diversity (M=l), however, yield relative large 

delay in the system.
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Figure 8.7: Effect of the order of diversity on the delay with a packet size of 128 bits;
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a: M=l; b: M=2; c: M=3; d: M=4

In figure 8.8 the effect of the order of diversity on the delay is shown, but now for a packet 

size equal to 1024 bits. The parameter setting is equal to the one in figure 8.2. It is obvious 

that large packet sizes in combination with a low order of diversity yield a considerable delay 

in the system. Only a high order of diversity gives a reasonable value of the delay.
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Figure 8.8: Effect of the order of diversity on the delay with a packet size of 1024 bits; 
a:M=l; b: M=2; c: M=3; d: M=4
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Figure 8.9 shows the effect of the packet size on the delay with the same parameters as in 

figure 8.3. The plots show that large packet sizes cause considerable delays in the system. Only 

for packet sizes equal to 128 bits or 64 bits we obtain reasonable values of the delay.
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Figure 8.9: Effect of the packet size on the delay;
a:Nb=1024; b: Nb=512; c: Nb=128; d: Nb=64.

8.4 Effect of FEC coding on the delay performance

Figure 8.10 presents the comparison of the delay of systems using FEC coding and the delay 

of systems without coding for a packet size of 128 bits. The parameters are the same as those 

of figure 8.5. It is seen that FEC coding decreases the delay in the system considerably.

Golay coding in combination with an order of diversity of three, yields the lowest delay 

for this packet size. Nondiversity without coding yields the poorest result for this relatively 

small packet size.
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Figure 8.10: Effect of FEC coding on the delay for a packet size of 128 bits;

a: M=1 no coding;

b: M=1 Hamming code;

c: M=1 Golay code;

d: M=3 no coding;

e: M=3 Hamming code,

f: M=3 Golay code.

Figure 8.11 presents the effect of FEC coding for a packet size of 1024 bits, with the same 

parameter setting as figure 8.6. It is seen that FEC coding with diversity yields a relatively 

lower delay than FEC coding without diversity. However, the Golay code with M=1 almost 

yields the same delay as a system with M=3 without coding.

In general we see that in case of large packet sizes FEC coding and diversity are 

required to obtain a sufficiently low delay in the system
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Figure 8.11: Effect of FEC coding on the delay for a packet size of 1024;

a: M=1 no coding;

b: M—l Hamming code;

c: M=1 Golay code;

d: M—3 no coding;

e: M—3 Hamming code,

f: M=3 Golay code.

8.5 Comparison of the throughput of hybrid DS/SFH and pure DS over 

a fast Rician fading radio channel

In [19] the results of the throughput of a slotted CDMA network using DPSK modulation in a 

micro-cellular mobile radio environment have been presented. The network consists of 

transmitter-receiver combinations, which operate with direct sequence as spread spectrum 

technique.

In case of micro-cells, which have a size of 0,4 - 2 km diameter, the radio channel can 

be very well characterized by a Rician fading channel [21]. The larger size of micro-cells in 
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comparison with pico-cells, result in a larger value for the rms delay spread (e.g. 2 //s for 

micro-cells). As a consequence, this will yield a larger number of resolvable paths.

In table 8.1 we will present a comparison of the throughput of a CDMA system based on pure 

DS and a system based on hybrid DS/SFH, using selection diversity. We have done the 

comparison in a single micro-cell environment; the single cell means, that we didn’t consider 

the interference of adjacent cells. The results for pure DS are obtained from [19].

The radio channel is considered to be of the fast Rician fading type, with a Rice factor 

of R=12 dB. This relatively high value of the Rice factor means a relative strong LOS 

component. Further, we consider the rms delay spread and the data rate to be constant for 

both systems, which means that the number of resolvable paths is only determined by the 

spreading code period N, according to equation (3.5). The bandwidth, which is proportional 

with R^Nq, is used as parameter.

Table 8.1: Comparison of the throughput of a CDMA system with selection diversity based 

on pure DS and on hybrid DS/SFH with the bandwidth as parameter, M=2, 

R=12 dB, Np=42, C=30, Rc=32 kbit/s, Tm=1961 ns.

G=5 G=10 G=15 G=20 G=25 c 
n(max) G(Sn(max))

DS

N=255 L=16 0,16 0,23 0,11 0,025 0,005 0,24 9

Hybr. DS/SFH

N=127 q=2 L=8 0,17 0,27 0,14 0,030 0,020 0,27 10

Hybr. DS/SFH

N=127q=10 L=8 0,15 0,29 0,43 0,58 0,74 0,74 25

Hybr. DS/SFH

N=255q=2 L=16 0,17 0,32 0,31 0,20 0,17 0,34 12

Hybr. DS/SFH

N=255 q=5 L=16 0,17 0,33 0,49 0,65 0,81 0,81 25
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For the combination N=255 for DS and N=121 with q=2 for hybrid DS/SFH, which means 

the same bandwidth, we see that the performance of the hybrid system is slightly better than 

the one for pure DS.

The number of resolvable paths in case of DS is twice the number in case of hybrid 

DS/SFH, which means that the multi-user interference in case of DS is higher than case the 

hybrid case. Despite the larger code length in case of DS, the relatively low number of 

frequencies in the hybrid system is able to overcome the poorer correlation properties of 

N=127.

The combination N=255 with q=2 for the hybrid system gives the performance for 

twice the bandwidth of pure DS. It is seen from table 8.1 that the maximum throughput 

Sn(max) f°r the hybrid DS/SFH system is less than twice the maximum throughput of the DS 

system. An increase in bandwidth by a factor 5, through the combination N=255 with q=5 or 

N=Y27 with q=10, only gives an improvement in maximum throughput by a factor three. The 

first combination yields the best performance.

The throughput in fast fading channels is lower than in slow fading channels. However, a 

relative large Rice factor improves the throughput performance in these fast fading channels 

[19]. In order to obtain a reasonable throughput performance (e.g. Sn^max^ > 0,40), a hybrid 

DS/SFH with a sufficient number of frequencies is preferred over a pure DS system. However, 

this requires a larger bandwidth for the hybrid system than pure DS.
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9. CONCLUSIONS

We have theoretically and numerically assessed the performance of a hybrid DS\SFH 

communication system with DPSK modulation for selection diversity and maximal ratio 

combining and a CDMA network based on hybrid DS/SFH transceivers with DPSK 

modulation. The numerical results have been obtained with help of a theoretical mathematical 

models.

With the BER results for the hybrid DS/SFH system with DPSK, we have made a 

comparison with the performance of a hybrid system based on BPSK and QPSK modulation. 

Besides, we have made a comparison of the BER performance hybrid model with DPSK 

presented in this report, and a model described in literature.

Furthermore, the throughput of a CDMA network based on hybrid DS/SFH has been 

compared with the throughput of a CDMA system based on pure DS, in a fast Rician fading 

radio channel. From these results we draw the following conclusions.

1. The modelling of multipath and multi-user interference is very complicated and an 

approximation by random Gaussian variables is allowed only when some key 

requirements are met.

2. A comparison of two models of the hybrid DS/SFH system shows that the model 

described in literature yiels a lower bit error probability than the model described in 

this report. This is due to the use of random signature sequences in the model 

described in literature, in contrast with the model of this report, which uses 

deterministic signature sequences.

3. The average BER performance of systems employing MRC is better than the BER 

performance of employing SD for the same order of diversity. The advantage of MRC 

over SD increases with an increasing order of diversity.

4. Under the constraint of a fixed bandwidth (q.N is constant) and a given bit rate for the 

hybrid DS/SFH with DPSK and without coding, the combination of a relatively large 

signature sequence N and a certain number of frequencies q yields in general a better
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performance, both for the BER and for the outage probability, than a small value of N 

and a large value of q. It is also seen that the performance degrades with an increase 

in bit rate, due to the high level of multipath interference.

5. A comparison of the BER of the hybrid DS/SFH system with the DS system for the 

same transmission bandwidths shows that for low bit rates the hybrid system yields a 

slightly better performance. For higher bit rates the performance is in favour of DS. 

An increase in bandwidth by a factor 5 for the hybrid system, the performance at low 

bit rates is in favour of the hybrid system; however, at high bit rates the performance 

of the hybrid system, in case of low code length TV and relative large q, is worse than 

the performance of pure DS. The combination of large TV with a small q for the same 

higher bit rate, yield a better performance for the hybrid system.

6. The use of FEC coding, under the constraint of a fixed bandwidth, only improves the 

performance for the combination of large signature sequences in combination with a 

relatively small number of frequencies, especially for M > 1.

7. Comparison of the modulation schemes DPSK, BPSK and QPSK has shown that 

DPSK yields in general the poorest result, due to the poorer noise resistance at the 

DPSK demodulator. Under the condition of a fixed bandwidth and data rate, QPSK 

yields a better performance than BPSK, due to the reduction of the multi-user and 

multipath interference in case of QPSK

Since the indoor channel provides a relatively strong LOS component, which 

can be used for synchronization at coherent receivers, QPSK or BPSK is preferred 

over DPSK when relatively low bit error probabilities are necessary.

8. The model which describes the throughput and the delay in this report is only 

valid under special conditions, concerning the statistical properties of the different 

users and the receivers at the base station. The model is a simplification of the very 

complex behaviour of the CDMA network, but it provides a first impression of the 

throughput and delay performance of the CDMA system.
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9. The throughput of a slotted CDMA network based on hybrid DS/SFH communication 

systems increases for an increasing order of diversity. Besides, the corresponding delay 

in the system then decreases. The higher order of diversity provides a lower bit error 

probability and, accordingly, a higher packet success probability.

10. Relatively small packet sizes yield a high throughput and accordingly a low delay in the 

system. In order to obtain a reasonable value for the throughput and delay in case of 

large packet sizes, the combination of the Golay code and a sufficiently high order of 

diversity is necessary.

11. The throughput decreases with an increase in the number of resolvable paths given a 

spreading code period N under the condition of a fixed bandwidth. So the 

performance gets worse when either the delay spread or the data rate is increased.

12. A comparison of the throughput of a hybrid DS/SFH system with a CDMA system 

based on DS for a fast Rician fading channel, shows that the hybrid system yields a 

slightly higher maximum throughput than pure DS under the condition of a fixed 

bandwidth. The maximal throughput increases when the transmission bandwidth of the 

hybrid system is increased, however the throughput doesn’t increase proportionally. 

Further, at larger bandwidths a higher offered traffic can be put through the 

channel.

13. Although a fast fading channel provides in general a worse throughput than 

slow fading channels [19], the reasonable throughput performance over the fast 

fading channel is mainly due to the relatively high Rice factor.
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10. RECOMMENDATIONS FOR FURTHER RESEARCH

An important issue at this stage of the investigation of CDMA communication systems is 

verification of the models that have been used up till now. Computer simulations of these 

systems will provide an impression of the validity of the models. Together with measurement 

results, one can get a good idea about the models.

As far as the hybrid DS/SFH system is concerned, the following parts of the model 

should be verified with help of computer simulations:

The Gaussian approximation used to describe the multi-user interference;

The assumption of the uniform delay profile;

The hit model, which is now modelled as a first-order stationary Markov process;

If the simulations provide total differently results than the results obtained with the models 

described in literature or in this report, the forementioned parts of the model have to be 

revised. This will give rise to extra complexities in the derivation of the analytical expressions.

The model which describes the throughput and delay analysis of a CDMA network, employing 

the hybrid DS/SFH technique given in this report, should also be checked with help of 

simulations.

If the simulation results show a large difference with the results obtained with the 

model under consideration, the model should be changed in the following way.

Consider the event of "success" from the transmitter’s viewpoint different from the 

receiver’s point of view, which results in different packet success probabilities;

Take different probabilities for the packet successes for the different users;

As a consequence the packet arrival model has to be changed from a binomial model 

into a higher-order stationary Markov process.
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APPENDIX A: DERIVATION OF THE STATISTICAL MOMENTS

Let Vo and denote the complex envelope of the matched filter output at the current 

sampling instant and the previous sampling instant respectively.

(Al)

-1 (A2)

The output of the matched filter calculates the decision variable.

e = = V-l + (A3)

A.1 COMPUTATION OF jio

The definition of /zo is given here below.

’■» "i. -E [(^ - »] (A.4)

If we consider X_ _ and ¥_ _ as the centered versions of X- and Y_ where the noise terms kJjtz UyV U kJ
have been dropped, we can write:

(AS)

Let us first consider the mean of the first term. If we forget the P/8 factor fot the moment, we 

have:

C - E xk + X,, + d^“
k

(A6)

We know that dt and d2 are equal to 1 with certitude for n interfering users and equal to 0 

for the K-l-Hj other users. Equation (A6) can be written as:
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(A.7)

- 12 bk Xk + b°k + 12 12 bk Xk +b°k^k- bki Xk! + bk! ^k' (A-8)* k L

+ Ibfö x£k

(A.9)

E E bkrf XA * XA * b0̂  + Ojl."
k k!^k

The bit error probability is defined as:

P e<0 I hj = 1 (A.10)

So we make the assumption that:

E b'k dk - 0 (All)

for all k, i and j except in case of k=l, i=-l and j=0, where this expectation is equal to 1. 

So we have:

12 12

• E E [ £ E (*Ä) * E ) E (8^) 
k k'^k

(A.12)

* E E + E (»%) E ]

We know that the mean of the bit products of different users is zero, so the double 

summation won’t give a contribution. We have:



Appendix A: Derivation of the statistical moments 95

+ 2E
k L J

(A.13)

We now consider the mean of the second term in equation (A.5). This term has the same 

structure as the first term.

(A.14)- E 
k

The contribution of this term will be the same as the contribution of the first term.

(A.15)

We finally obtain the expression for /zo with the AWGN included.

n.
+ 2^ (A16)

A.2 COMPUTATION OF p.!

The definition of is given here below:

= VAR (r ! IL, ry b) = E [(K ! - m)(V_ 1 - m)* | L, n^ h] (A.17)

If we consider X.! c and c as the centered versions of and where the noise terms 

have been dropped, we can write:

(A.1S)

Let us first consider the mean of the first term. Again we forget the P/8 factor for this 

moment, so we have:



Appendix A: Derivation of the statistical moments 96

- E 
k

-l,c
k!

(A.19)k

We know that dj and d2 are equal to 1 with certitude for n interfering users and equal to 0 

for the K-l-Uj other users. Equation (A.19) can be written as:

(A.20)

- E [bi2 Xk * b? * £ E [bk2 Xk + b? X,, + b-J (A.21)
k k k'^k L

I ?\2 o- E M 
k L

+ ^k + ^k^k Xk^k

(A22)

E E V* + V % + V 
k k'^k

+ b-^

When we take the mean of this expression we get:

12 12

* E E I £ fcv) E (%-) * E fcM E 
k k'^k

(A.23)

♦ E E ^u} ♦ E E ]

We know that the mean of the bit products of different users is zero, so the double 

summation won’t give a contribution. We have:



Appendix A: Derivation of the statistical moments 97

E [ J - E [* H)+ E (^] (,aL24)

k L J

We now consider the mean of the second term of (A. 18). This term has the same structure as 

the first term.

-l,c n E ‘Wfov Yf * 
k!

(A.25)- E 
k

k

The contribution of this term will be the same as the contribution of the first term.

e J - e k
k L J

(A.26)

We finally obtain the expression for with the AWGN included:

M-i =
° k=l L- -1

+ 2aN (A.27)

A3 COMPUTATION OF p

The definition of is given here below:

M = COV (roZ. 11L, ni, b) = E [(Ko - mXV^ - mf | L, r^, n^ b] (A.28)

If we consider X» _ and Yo _ as the centered versions of Xn and Y_ (and the same for X and Y DyU M O'*
with -1 as subscript), we can write:

b = E [x^ x.lf + y, J + jE [yw x u y t J (A.29)

The noise terms will disappear in the calculations. Let us first consider:



Appendix A: Derivation of the statistical moments 98

E ! J (A.30)

If we forget the P/8 factor we have:

-lf = E wW XK * 
k k1

(A.31)

Again we apply the assumption that and d2 are equal to 1 with certitude for n interfering 

users and equal to 0 with certitude for the K-l-nj other users. So we get:

(A.32)

xk K * ft2 Vt += E k, 
k L

(A.33)

E E b~kbu XA' + b'kbu x^ * bK *b^ 
k k!^

When we take the mean of this expression, we get:

e fa x-i j - e [ e k1 bfl (bkf e fak)
k

(A.34)

+ E (i,^2) E (V4 * E (ft') E fä) ]

We know that the mean of the bit products of different users is zero, so the double 

summation won’t give a contribution. We have:

E fa ft J - e[£ MJ] * e 

k
(A.35)

The derivation of the mean of Yo c is exactly equivalent with the one for XoX.p so we 

have:
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E [V-u] - (JÄ)] * E (f?)

k

It can be shown very easily that:

e xu] - e r,J

(A.36)

(A.37)

Therefore the imaginary part in equation (A.29) will vanish. So the expression for n becomes:

- f e k +e M m+£ (4 (A.38)

A.4 OVERVIEW OF THE CONDITIONAL EXPECTATIONS

In the previous part we derived expressions for the n variables. In this part expressions for the 

expectations will be given. With the definitions of equations (4.27) to (4.30) the following 

expectations can be derived:

L
2 S2 
r + T

L L .2
(A.39)

H P^i

— ~2 (A.40)

2 S2 
ar + —
r 2

(A.41)S2
T

T



Appendix A: Derivation of the statistical moments 100

L

1=1

2 S2 
r + T

2 S2 
r + T

L L 2

i=i p*i 1

(A.42)

(A.43)
L

L 2 S2 
r + T

L L
(A.44)

The calculations of the Gaussian approximation, given in appendix B, require the square of 

some of the expectations given above. The calculation of these squares can be done in a very 

straight forward way.
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APPENDIX B: CALCULATIONS OF THE MOMENTS OF THE

GAUSSIAN RANDOM VARIABLES

The parameters belonging to the Gaussian distribution are the mean and the variance of the 

stochastic varible under consideration. These moments of the /^-variables will be determined in 

the following sections.

B.1 COMPUTATION OF THE VARIANCE OF |io

We have derived an expression for po. The equation is given here below:

Since the contributions of E[Xq J and EfY^ J are the same, we can write no as:

(B.1)

In order to calculate the variance of /zo, we have to calculate the mean of squared and the 

square of the mean of ^o. The variance can then be determined as follows:

(B.3)

The derivation of the square of p0 is given here below:

2 
'o

(B.4)
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16
_ E 
4

(B.5)

+ p°n 52
k

C E2 » 2^ PE + <

1U L J XU £ L -J L

(B.6)

+ rE2 + 2a2 pE +

When we take the mean of this expression with respect to r we get:
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p 2Et

l 2
E fé) E («J)

12

16 k k'^k
E +E

4

4
E.

(B.7)

E.

k
E

PB, (VJ

2

+ 4ct^

When we take the mean of no with respect to tau we get:

(B.8)

This expression squared yields:
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Ï2

16

(B.9)

*P^Y,Er E 
k L

2^

Er
,2

16 * k'*k

£(4)+£(^')

k^l
(B.10)

7 Er P MF,

• e 
k L

A 4+ 4(7^

e
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Substracting equation (B.10) from equation (B.7) yields the variance of ^o:

2

+ 7£ e (rA) e (^) e

p2 r / vi2+ Yr MO.

E

- —Er E
4 T

E M - Z Er [MäK E^). (B.11)

- Z 4E Ml.

B.2 COMPUTATION OF THE VARIANCE OF »14

We have derived an expression for nA. The equation is given here below:

+ 2^P
= 8

(B.12)

Since the contributions of EfX^ J and E| J are the same we can write as:
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«i
+ 2^ (B.13)

In order to calculate the variance of we have to calculate the mean of squared and the 

square of the mean of ^4. The variance is then determined in an equivalent way as the 

variance of /io. The derivation of the square of ^4 is given here below:

ï2

2 
M_1

(B.14)

2

16
* E (^) E E * E (s’) 

k L

(B.15)

k

. 4+ 4(7^

12

E
16 t A: L

(B.16)

E E (xj) + E 

k L

. 4+ 4aN

When we take the mean of this expression with respect to t we get:

2 p^ n ‘ '
e^ = — y e T ^-1 If: 10 *=1

E M)]
E (^) E (^)

★Er

(B.17)

16 k'^k

* P^N ^E, 

k

e^-eI^)E

E (^) * E (S’) . 4+ 4^

When we take the mean of with respect to tau we get:
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n.
(B.18)

This expression squared yields:

2

E 
k L

. 4+ 4(7^
(B.19)

16 k

Further calculation leads to:

16 * k/^.

Er E(^) f2+ E^

E (£)+E (B.20)

* P"N Y.E 
k

. 4+ 4^E

Substracting equation (B.20) from equation (B.17) yields the variance of ii_p.

12
VAR (m.J = E + E.

E E ,2 (B.21)

B3 COMPUTATION OF THE VARIANCE OF p

We have derived an expression for fi. The equation is given here below:



Appendix B: Calculations of the moments of the Gaussian random variables 108

“ - f i [£ M - £ (1Ä)] * f (4 (B.22)

Since the contributions of E[X0CX.j J and EfY^Y.! J are the same, we can write n

Hi . .
(B.23)

First we have to determine the square of

(B.24)

When we take the mean of this expression with respect to tau, we get:

Er W - [£ MJ" * E E E, [E MX [E Mf)
10 * 10 *

8
E

E (4e (kA)] * E. E^jEErtE^Aj. (B.25)

12

+ __
16 Et

When we take the mean of with respect to tau, we get:

«i r / c

E,M - £ EE4 E (rA)] * 3 Er E 
k=l hl J

(B.26)

This expression squared yields:
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Z M - [£ MJ] * £ MX [£ MJ

8
E MJ.

sE (B.27)E

+ s [^1

The variance of p can be calculated by substracting equation (B.27) from equation (B.25):

VAR M - [£ M)F+ T £1 E

- [£ M)] - Ï Er — e2t
16 T

(B.28)

In order to give the expressions for the expectations with respect to r, we need to determine 

the expectations of the partial cross correlation functions. This will be done in the next 

section.

B.4 REVIEW OF THE EXPECTATIONS OF THE PARTIAL CROSS CORRELATION

FUNCTIONS

When we consider the expectations with respect to the path delays, various expressions are 

encountered. For the computation of various expectations of partial cross correlation 

functions, we can partly refer to [3]. In this section the only the results will be presented
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For the delay r such that we have 0 < nTc <r< (n+l)Tc < T, we define the following terms:

Rlk(T) - ^nlk^c + Rnlk^T nTc)

Rlk(T) = ^ntk^c + ^nlk^ ~nTc)

(B.29)

(B.30)

with

(B.31)
[nlk = Cik^-^

Bnlk = C^n+1-N) - C^n-N) (B.32)

Bnlk = - C^n-N) (B.33)

[nlk - cik(n) (B.34)

Rnlk - Clk(n+^ " Clk(n) (B.35)

N-l-n

j=0

E «y=o

for 0 <n < N-l

for 1-N < n < 0

(B.36)

We then get the following expectations:

^nlk + ^nlk (B.37)

^k2 -ErRlk(Tkl) “ 52 Anlk +Anllßnlk
1 n=0

1R2 1 ^nlk
(B.38)
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- «Hm ■ 7
N-i r o n

52 Änlk + ^nllßnlk + Anllßnlk + M=0 2 4 'nik
(B.39)

N-l

^4 - ETRlk(Tkl) “ 52 Anlk
n=0

N-l r

‘'ki
M=0

N-l

nlk

vk2

^4

T n=0

N-l r

n^l

N-l

M=0

^nlk

^nllßnlk + ZAnlkP^lk + Anllßnlk 1R4 ' (B.40)

2 nlk

+ Anllßnlk + \$nlk

J3 3J2
^nlk + 2ni

'nlk + ^nlk

Anlk + ^nll^nlk + ^nllßnlk + -^nll^nlk 1 a4
5 nlk

N-l

(B.41)

(B.42)

(B.43)

(B.44)

akii - - y
n=0

nlk + ’^nh
(B.45)

+ ^Bnlk^nlki

ak22 - ErRlk(Tkl)Rï^Tkl) - v 52 lAnlÄk + ^llAnllßnlkT M=0
h2 Ä2"^nlkPnlk

+ Anll^nllßnlk + '^4nll^nllßnllfinlk + '^nllßnllfinlk (B.46)

■^nllßnllßnlk + ^nllßnlk + ^^nllÄld 
J J
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ak21

N-l

12 I AnlkAnlk + -^nll^nlk + ^nußnlk 
n=0 2 3

+ '^■nU^nlkßnll^

(B.47)

akl2 = - 4 12 I ^nuAnlk + -^nußnlk + ^nlkßtlk 
n=0 2 3 (B.48)

■^nljßnlk + Anlk^nljßnlk

N-l

ak31
(B.49)

akl3

4

- ETRlk(Tkl)^lk(Tkl) - Hl l^nlU^nlk + ^nllßnlk + ^^ilk^nllßnlk 

1 2

^nlkAnué

3j a2
^■nUc^nl

nU^nvfinlk + nlk

1 '3 1 ->3
-^Anuflnlk + -^nußnU^

(B.50)

B.5 REVIEW OF THE EXPECTATIONS WITH RESPECT TO THE PATH DELAYS

With help the equations (A.39) up to (A.44) we then find the following equations for the 

expectations with respect to the delays. It should be mentioned that when k=l, L should be 

replaced everywhere by L-l.

S2 2 T 
^kl + L at

2 s2 
T ^2

(B.51)

E, e(^) . L(L-1)S2 2 , :
^ki + L

2 S2
T vk2

(B.52)
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12
2 2 4- ^L(L-1)[2^2 . (£-2)4,^ ♦ (L-2)(L-3),^

2 s2 
T

'2

4 ,w ♦ (B.53)

12

E

s2

2"
2 S2

2
L(L-1) 4^ + 2^-2)^

- * (L-2)4^L *2 2 4

2 S2 
T

2

J + (L-l)^ (B.54)

S2 
T

2 .2s-.j 2
_ L(L-V) 4vk3vkl + 2(L-2)2/a.2pw
2

4 ,1, + 4(L-2)^;2^,h ♦ (L-2)(Z.-3)^^

ak22
S2 
T

2 S2 
r + T

(B.55)

X
2 2Hillel + ^k^kl + (.L~2),'k2rlkl + (L-^Wkl

2 S2 
r + T

s2 
akll +

(B.56)

E
^M^)] ■ 7L<L-4 + * (£-2)(Z.-3)^^;

2 S2 
r + T

2
r 1 s2

L[ ak22 + ^L~ï)vk2rlk2 ] + y
(B.58)7r2 ♦ * L(L-1) 

&

x 2 2^21^1 + ^kl2vkl + (L-'^'Wkl + ^-^Wkl
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, A .1 2 c4 9
«Ml - y-tM ^2+ «L]

^L(L-l)(L-2)
vk2^kl + ^■vklaklïrlkl

2
+ vklrlk2

(B.57)
C4 o+ ±.L(L-l)(L-2)(L-3)^^ +

2 S2 
r + T

2

O SZ
+ 2 — 

2
2 S2 r

_ L(L-1)^ ak2i^kl + akl2vkl ^-^kl^k^kll^

c4
12alll

c4
+ ±.(L-l)(L-2)(L-3) + 2v2i/i2»7iii'ii

2 
ll“!!!

c4 _
+ ^(L-IXL-IXL^XL-A)^^

(B.59)

(L-l)(L-2)[ + 3vn<*i2i ]

2+ vliam(L-l)(L-2)(L-3) ^li^^ii

2
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^(L-l)(L-2)(L-3)

+ ^(L-IXL-ZXL-SXL-»)^
(B.60)

S2f 2

2 r
S2 r 1
— (L-l)(L-2)(L-3)^ + ^ii^n01!!! ]

2
S2 
T
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APPENDIX C: DERIVATION OF THE PDF OF THE MAXIMAL PATH 

GAIN

Selection diversity is based on selecting the strongest signal from several statistically 

independent signals carrying the same data. These signals are usually the multiple resolvable 

paths due to inherent diversity of spread spectrum, but these signals can also arrive from 

different antennas, in order to increase the order of diversity.

Suppose we have M identically distributed random variables For the largest

random variable ^max , the following inequality holds:

/W > ßi i e {1,2,...3^ (C.1)

The probability that ^max < y, denoted as P0max(y) is now given by:

pßd^ = ß^<y}- ~ ßM<y} = pß(y)- - (c.2)

This means that the CDF of ßmax is the product of the CDFs of the M path gains.

Since ß is Rician distributed, ß2 has a non-central chi-square probability distribution with two 

degrees of freedom. With the PDF given in equation (3.6) we can derive the CDF just by 

integrating the PDF.

Sx 
~2 
ar

ß
Pß^ = ƒ \ CXP 

1Ö Gr

The CDF of ßmvi is now given by:

r (c-4’

The PDF can now be obtained by calculating the derivative with respect to ßTass.



Appendix C: Derivation of the PDF of the maximal path gain 117

dPa 
— (c-5’

L J “Pmax

By calculating this derivative, we get the following PDF:

^max 2 2 a vx?
fß f (C.6)

' max I x £
v ar lar ar ar Zar ar
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APPENDIX D: CONTENT OF THE SUBMITTED PAPER

Here we present the content of the paper "Hybrid Slow Frequency Hopping/Direct Sequence 

Spread Specrtrum Communications Systems with B- and QPSK Modulation in an Indoor 

Wireless Environment”, which is accepted for the "Proceedings of the Fourth International 

Symposium on Personal, Indoor and Mobile Radio Communications", to be held on September 

9-11, 1993 in Yokohama, Japan.
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Hybrid Slow Frequency Hopping/Direct Sequence Spread Spectrum Communications Systems with B- and QPSK Modulation in an Indoor Wireless Environment
Luc Vandendorpe*

Telecom, and Remote Sensing Laboratory 
Catholic University of Louvain

3, place du Levant, B-1348 Louvain-la-Neuve, 
Belgium

R. Prasad, R. Rooimans
Telecom, and Traffic-Control Systems Group 

Delft Technical University of Technology 
P.O. Box 5031, 2600 GA Delft 

The Netherlands

Abstract
This paper analyses the performance of a spread­
spectrum multiple access system based on hybrid 
direct sequence/slow frequency hopping techniques 
with QPSK modulation. The performance is ana­
lyzed considering multipath and multiple access in­
terferences and an indoor channel having Rician dis­
tributed path gains. Two diversity techniques are 
investigated and compared, for given delay spread, 
bandwidth and bit rate. It is shown that the larger 
bit duration of QPSK is favorable to combat the ef­
fect of multipath propagation.

1 Introduction
Currently, a lot of attention is paid to CDMA sys­
tems for personal and mobile communications sys­
tems [1, 2, 3, 4]. CDMA systems are attractive not 
only for combating interferers, but also from the point 
of view of multiple access capabilities. DS/SS (direct 
sequence/spread-spectrum) systems provide a good 
answer to the problem of multiple access communi­
cation systems in fading environments. When DS/SS 
is combined with diversity techniques, the perfor­
mances are really attractive. Direct sequence is a 
good mean to combat the multipath effect. Never­
theless, DS/SS is known to suffer from the near-far 
effect. On the other hand, slow frequency hopping 
(SFH) is a good solution to cope with the multiple 
access interference. Besides, it is not sensitive to the 
near-far effect. As a consequence, the combination 
of direct sequence with slow frequency hopping in a 
hybrid system is an attractive solution for combating 
the multipath effect, the multiple access interference 
and solving the near-far problem [4]. The aim of the 
paper is to analytically determine the performance of 
a hybrid SFH-DS/SS system with QPSK modulation 

*L. Vandendorpe would like to thank the Belgian NSF for 
its financial support

in a Rician fading environment and compare this per­
formance with the one achieved by BPSK modulation 
under some constraints. In [4], PSK and maximal ra­
tio combining has been studied. In this paper, QPSK 
is used and selection diversity is compared with max­
imal ratio combining. The multipath effect and the 
multiple access interference are taken into account.

2 System description
The system is a star connected network with K users. 
All of them are at the same distance from the base­
station. We study the performance of the system 
when the base station is in receiving mode.

2.1 Transmitted signal
The sequence of bits with rate 2/T produced by user 
k is separated in 2 sequences, denoted by beik(t) and 
bs,k(f) respectively and having a rate l/T : be^ft) = 

b,tk(t) = Ej^PAt'-jT) 

where belongs to the set {—1,1} and Ps^) is 
a rectangular pulse of duration S. These signals are 
first multiplied by a spreading sequence a^tlt) and 

with a?e k PTc{t - j Te), a,ik(t) =

a3, k Ptc(1 ~ j where Te is the chip duration. 
These sequences are periodical with period T. The 
signals aeik(t)be<k(t) and attk(t)bStk(i) PSK modulate 
2 carriers in quadrature. This modulated signal is 
then frequency hopped according to the hopping pat­
tern associated with user k. After appropriate filter­
ing, this hopped signal becomes :

s^t) = x/iPa^b^t) 
ƒ1

uk(T)dr + ak + 0*] 
•DO

+ x/2Pa,<k(t)b,tk(t) 
/t

Uk(.r)dT + ak + ßk] (1) 
>00 
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where 0k is a random phase associated with user k. 
and at is a phase factor introduced by the hopper. 
The frequency fk(t) is constant over a time interval 
of duration Tj = MT where Nt is the number of 
bits in a hopping interval. The asynchronous hop­
ping patterns are assumed to be generated by first 
order stationary Markov processes. The number of 
available frequencies is q. They are assumed to have 
a minimum spacing l/Tc, so that the overlap of DS 
signals hopped to adjacent frequencies is negligible. 
The results of the previous section can be particular­
ized to the situation of BPSK modulation by setting

2.2 Channel description

The link between the Hh user and the base station is 
characterized by a lowpass equivalent transfer func­
tion given by hk(t) = - ru) expOvu)
where kl refers to path / of user k. We assume that 
the path gains ßti are Rician distributed. The delays r are assumed to be uniformly distributed random 
variables over [0, T]. The phase factor 7 is uniformly 
distributed over [0, Stf]. The random variables ß, y 
and T are independent for different values of k and I. The fading is assumed to be slow and the different 
random variables are constant over the duration of 
one bit. The Rice probability function is given by :

P^Cr) =-^expt ^”1 Io (2)\^r J
where r > 0, S > 0. An important parameter is R, 
known as the Rician parameter. Its value is S21(20,) 
and represents the ratio of the power associated with 
the direct component and the scattered components.

2.3 Receiver description

We assume that a received signal is composed of the 
contributions of the different users, their different 
paths and additive white Gaussian noise. Therefore, 
we have for QPSK, a received signal which is given 
by :

r(t) = >/2P'^y^ßkiaCik(t - Tki)bCtk(t - rkl) 
k I ' <

COS Uct +x

+

Ok + 0k + 7i/

•^P^y^ßkl a,,k(t - Tk^b.^k^ - rkl) 
k I

x

+

sin wct +
n(t) 

(^(rjdr + at + 0k +yki -o.c

(3)

and n(t) is a white Gaussian noise with single-sided 
power spectral density Nq [W/Hz]. We consider user 
1 as reference user. Therefore, the dehopping se­
quence is the one associated with user 1. Each one 
of the 2 components is dehopped, multiplied by the 
DS code associated with user 1, the carrier and in­
tegrated over the bit duration. Let us focus on the 
in-phase signal. The output of the in-phase integra­
tor is given by :

r^+^)T
z0,c = cosl^ti] ƒ ae,i(<)k I •'W

ac.k(i ~ rki)bC:k(t - rki)6[fi(t),fk(t - n/)] dt 
,_ r(A+i)T+ / ac,iwk I

a,,k(t - r^) fk(t - w)] dt
+ (4)

where is a zero-mean Gaussian random variable 
with a variance given by NoT/16. The <5 function 
accounts for the possible hits : a hit occurs when 
the frequency fi(t) used by reference user and the 
frequency fk(t — rki) used in the delayed version of 
signals k are the same. The phase ’J is the over­
all phase shift. The bit under consideration is bit 
number A. Let us assume without loss of general­
ity that A = 0. We can also assume without loss of 
generality that the jth path between transmitter 1 
and the receiver is the reference path. Because of the 
dominant and stable component, the receiver can be 
time-synchronous with this path and besides, it can 
acquire knowledge of the phase of the stable compo­
nent of this path, thanks to its tracking mechanism. 
Therefore, we say r^j = 0, = 0. All delays are
then defined as relative delays according to this ref­
erence path. We further assume that path j is the 
shortest path between emitter and receiver. The rel­
ative delays are then all positive valued. Because of 
the limited interval for the delays, two bits will be 
under consideration : bits 0 and —1 of sequence k. 
We define [2] R^rki) = Jq™ ^.iG)av,k(t - rH) dt 
and Ryk(Tti) = ~ Tki) dt where x
and y may both be c or s. In these definitions, 
the periodicity of the spreading sequence has been 
taken into account. We define the following param­
eters : ßki f['ifki]I^k(Tki), and =
12) Ätwhere x and y may both be c or s; when x = y (for instance ss), the function ƒ is 
cos otherwise, it is sin. When k = 1, the summation 
over / is for I j. Then,

= yP/ST^^ + rz
+ £ [eWj) Xf + d2(b0Ctt) b°Ctk X^
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+ + Wh) 6° t ]

where 6“* (resp. 6^) and t°t (resp. b° t) are the 
current bit and the previous bit of the Hh user in- 
phase (resp. in-quadrature) data stream. The func­
tions di and d} account for the possible hit between 
the current frequency of user 1 and the frequencies 
associated with the two bits under consideration. 
We see that there is cross-rail interference, in the 
sense that the bits associated with the in-phase (in­
quadrature) component interfere with the. (in-phase) 
in-quadrature component. For PSK only, we have :

zo = x/p78T/?u6? + i/

’ + S [w1) +W°)
k

with Xt = 52/cos[$t/]7?ii(rt/), and Xt = 
^tßki cos[$jt/]Äit(n;). When k = 1, we have I ƒ j. 
In comparison with the QPSK situation, the cross­
rail term has disappeared.

3 Study of the bit error prob­
ability

The methodology which is followed is similar to 
the one presented in [4]. The bit error probabil­
ity is computed as the mean of several situations, 
corresponding to the possible hits situations pro­
duced by the multiple access interferers. There­
fore, Pe = 52*=o ^«(n,) P(n,) where Pe(ni) is the 
probability of error assuming there are n,- active in­
terferers out of K — 1, and P(ni) is the probabil­
ity of having n,- active interferers out of K — 1. 
For hopping patterns which are first-order station­
ary Markov and a number of available frequencies 

(K - 1 \ /, \
) (1 — 7) whichn,- J \9J \ J/

corresponds to a binomial distribution. This result 
applied for the multi-access interference assumes that 
all paths signals of a hitting user cause full hits and 
neglects the effects due to a partial hit [4]. How­
ever the effects associated with partial hits have been 
shown to be negligible in the case of slow frequency 
hopping [4j. The multipath interference and the mul­
tiple access interference are independent. We assume 
both are Gaussian distributed. The influence of the 
multipath term is actually dependent on the bit po­
sition in the hopping interval. For the first bit in the 
block, there is no hit with certitude with the previ­
ous bit because they do not necessarily have the same 
frequency. For all other bits in the blocks, there will 
be a hit with certitude with the previous and cur­
rent bit conveyed by interfering paths. We neglect

(3)he effect of this first bit. In addition, maximal ra­
tio combining cannot be used for the first and last 
bits of a hop, because some of the non-reference path 
signals are partially destroyed by the dehopper. We 
forget this problem. We also neglect the bits required’ 
to solve the phase ambiguity and making the num­
ber of useful bits smaller. This approximation is valid 
when Ni is large, which should be the case in slow fre­
quency hopping. The multipath term on the in-phase 
signal of the QPSK receiver is given by : Ie<mp = 
/P/S [t-J Xf‘ 4- b°et 1 Xfe + b-{ Xf* + bl 1 Xf] re­

spectively. For PSK, it is given by : Imp = 
y/P/^ ^j1Xi +6°Xij. The multiple access noise 

corresponding to the assumption of n,- active in­
terferers is given, for QPSK, by Ie,ma =

+h xr+th +h 

and by Ima = y/P/S [^Xk + ^Xt] for 

PSK. The bit error probability assuming rii inter­
ferers is defined as the probability that the decision 
variable is lower than 0 assuming a T’ was trans­
mitted (or conversely). It is the same for each of 
the 2 components when QPSK is considered. If we 
say zo,e = y/Pl^ßlj h T + Ic,mp + h,ma + Ue, we 
have that Pf = P[zt,o < = !]• For PSK,
we have zq = y/P/83ijb°T 4- imp 4“ Ima 4" u and 
Pf = P[zq < 0|&i = 1]. In order to compute 
exactly the power of the multipath and the mul­
tiple access terms for B- and QPSK, some com­
ments have to made. We assume to deal with a 
given channel, which means that the absolute value 
of the delay range is known. We denoted by T the 
bit duration in the BPSK system, and assumed a 
delay uniformly distributed over this bit duration. 
Accordingly, with QPSK, the bit duration is twice 
the one of BPSK. Therefore, the delay for QPSK 
has to be considered as being ■uniformly distributed 
over half the QPSK bit duration. Considering this, 
and according to an approach proposed in [1], the 
power of the multipath and multiple access terms are 
well approximated by (L — 1) ^<7^ 4- and 

^n{L (a? 4- ^)^ for both QPSK and BPSK. 

The bit error probability can be computed as a func­
tion of the bit energy to total noise power spectral 
density assuming the value of ßij. The bit error 
probability has to be averaged over the distribution 
of ßij. If we further assume that the multipath in­
terference associated with the reference user is due 
to L paths instead of L — 1, using the normalization 
Q1j = i ’ we can write for

1 f 
-erfc 
2

Eè(2a34-S2)y1 1
Xo )
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+ IL
(1 + M

0.5 Computational results and 
discussion

and the bit error probabilities are given as functions 
of the mean received bit energy to noise ratio.

4 Performance with diversity

4.1 Selection diversity
Selection diversity means that the largest one of a 
group of M signals carrying the same information is 
selected. The order of diversity is equal to the number 
of paths times the number of antennas. The decision 
variable is which is the largest among the set 
of M values. We can take the result of the previous 
section, and average the bit error probability on the 
pdf of the maximum instead of that of ß.

4.2 Maximal ratio combining
In the case of maximal ratio combining, the contri­
bution of several resoluted paths are added together. 
The combiner which achieves the best performance 
is one in which each matched filter output is mul­
tiplied by the corresponding complex-valued chan­
nel gain. The phase shift is compensated for and 
a weighting associated with the signal strength is 
introduced. The realization of such a receiver is 
based on the assumption that the channel atten­
uations and the phase shifts are perfectly known. 
Let us consider again the decision variable zq = 
Re ß2u + Ä.Wx,] . Each term in­

volved in the combination process is corrupted by 
AWGN, the multiuser interference and the multipath 
delayed versions. We make the assumption that the 
noise due to the multiuser interference and the resid­
ual multipath interference is also Gaussian and that 
all noise terms add together. We also assume that 
the noise terms affecting 2 different paths are inde­
pendent. This is of course not correct. We need 
to average the bit error probability over the pdf of 
t = ßlf. We define v = t/[M (2a? + S2)]. The 
following bit error probability, averaged over the pdf 
of v provides the bit error probability as a function 
of the mean received bit energy to noise ratio.

^«rfc

2L 
3NMv

No / Mv 
l-0.5'|

(8)

This section is devoted to the presentation of some 
computational results. Equation 9 shows that a bit 
error curve derived for QPSK and BPSK are the 
same, assuming the same absolute delay range is 
taken into account. For the computations, the fol­
lowing parameters have been considered : number 
of resolvable paths L = 8, code length Nt = 255 or 
Ni = 127, number of users K = 15, Rician parameter 
R = 6.8dB. Figure 1 provides the results obtained by 
means of Selection Diversity (SC) for 10 frequencies 
(q = 10) and code lengths of Nt = 127 or Nt = 255, 
with the order of diversity as a parameter. Figure 2 
shows the same results for Maximal ratio combin­
ing. As expected, MRC performs better than SC, 
and the performances of both systems are improved 
when the order of diversity increases. Besides, the 
effect of increasing the code length is also obvious. 
Figures 3 and 4 provide the same results as figures 1 
and 2 but for q = 50. We also see that a higher num­
ber of frequencies improves the performances of the 
hybrid system. If the number of frequencies could 
be made infinite, the multiuser interference would be 
completely removed, but the multipath interference 
would still be present. As regards the comparison 
of QPSK with BPSK, some constraints have to be 
taken into account. If we require that the bit rate 
in both systems should be the same, we will have 
T9 = 275 where T9 and Tt are the bit durations for 
QPSK and PSK respectively. In addition, we re­
quire the bandwidths be the same. It means that 
the ratio Nq/T should be the same for both systems. 
More accurately : Considering the
bit rate constraint leads to N9qt = 2 Npqf. If we 
assume the same number of frequencies qt = qp, we 
finally end with Ng = 2NP. From equation 9, we 
see that with these choices, the multiple access noise 
and the multipath noise for QPSK are divided by 2 
compared to BPSK. Stated with other words, under 
the constraints of constant bandwidth and bit rate, 
for a given value of the bit energy over white noise 
psd ratio, we obtain with QPSK and a given code 
length, the performance we would obtain by means of 
BPSK and a code with 2 times the length of the QPSK 
code. A same bit energy means identical product of 
power and bit duration. If P is the power used for 
BPSK, the power used with QPSK should be P/2 for 
each carrier, which means the same overall power. As 
an example, under the bandwidth and bit rate con­
straints, the performance of a QPSK system with a 
code length of 128 chips is equivalent to the one of 
a BPSK system with a code length of 256. There­
fore, the curves giving the results for Nt = 127 and
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Figure 2: BER for DS/SFH with maximal ratio com­
bining with M = 1,2,3,4 and 2 code lengths. Num­
ber of frequencies q = 10

Figure 1: BER for DS/SFH with selection diversity 
with M = 1,2,3,4 and 2 code lengths. Number of 
frequencies q = 10

Nt = 256 are representative of the performance of 
BPSK and QPSK under constraints of fixed band­
width, bit rate, energy and delay range.
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