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ABSTRACT

Code Division Multiple Access (CDMA) is a multiple access scheme based on spread
spectrum techniques, that has been used for many years for military communications, and quite
recently for commercial applications, such as satellite and digital cellular radio communications.
Certain inherent characteristics of spread spectrum, such as interference and multipath
suppression capabilities, privacy, and more efficient spectrum reuse, make CDMA advantageous
for mobile cellular communications. It is the intention of this project to provide an examination of
how these properties of COMA can be used to increase capacity comparing with conventional
multiple access techniques. For this purpose, the capacity of a single-cell, power controlled,
asynchronous direct-sequence (DS) CDMA system is first investigated using Gold codes and
both binary and quadrature phase-shift-keying (BPSK and QPSK) modulation. The investigation
carries on with the calculation of both the forward and reverse link capacity of a multiple-cell
CDMA system by means of analytical calculations and Monte Carlo simulations. Finally, a
straightforward comparison with conventional techniques such as FDMA and TDMA shows that
CDMA can indeed provide much higher capacity.
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1. INTRODUCTION

Spread spectrum techniques have been developed since the mid-50's and initially they were
mainly used in military anti-jamming tactical communications and anti-multipath systems [1,2].
The inherent privacy feature as well as the interference and multipath attenuation characteristics
of spread spectrum made it ideal in such hostile environments, but its use in non-military
applications was limited since its bandwidth and energy efficiency was considered to be inferior
comparing with other modulation techniques. In recent years, however, there has been an
increasing interest in the use of spread spectrum for commercial applications, such as wireless
local area networks (LAN's), personal communication networks (PCN) and digital cellular radio
[3]. The main reason is that once the threat of designing a system that is capable of combating
an intentional, smart jammer is removed, the receiver can be redesigned in order to make the

system more efficient and more practical for commercial applications.

Indeed, while the use of spread spectrum means that a large amount of spectrum is used
for each transmission, this can be compensated for by the interference reduction capability, so
that a considerable number of users might use the same spectral band. This is the main idea
behind code division multiple access (CDMA) which appears to be one of the most popular
civilian applications of spread spectrum today. In contrast with conventional multiple access
techniques such as frequency division multiple access (FDMA) and time division multiple access
(TDMA), where different users are served by assigning different frequency bands or different
time slots, with CDMA all users simultaneously use the entire spectrum devoted to the system.
The users are distinguished by means of different pseudo-random sequences, or codes. In
theory, it does not matter whether the spectrum is divided into frequencies, time slots or codes;
the capacity provided from all these multiple access schemes is the same. However, depending
on the characteristics of a certain application, we may find that one multiple access scheme is
more appropriate than another. In a mobile cellular communications system, in particular, which
is arguably one of the hottest topics in communications today, there are several advantages to
using CDMA [4].

One of the main advantages of COMA in a cellular environment is a major increase in
capacity, which is the maximum number of users that the system can accommodate, while
maintaining an acceptable level of performance. Although the CDMA capacity was until recently
considered to be inferior to that of other techniques [5), it was later recognised that since the
CDMA capacity is only interference limited, unlike FDMA and TDMA capacities that are mainly
bandwidth limited, any reduction in interference leads directly to an increase in capacity [6]. This
fact can be exploited in many ways [7, chap. 9]. For instance, one can take advantage of the



natural shape of human conversation. Since voice signals are intermittent with an activity cycle
of approximately 35%, voice activity detection techniques can be employed and transmission can
be suppressed during the quiet periods of each user so that other users face less interference.
The capacity can thus be increased by an amount inversely proportional to the duty factor of
voice signals. This technique can also be applied with FDMA or TDMA but in this case perfect
synchronisation, more signalling information and complex channel assignment procedures are
required, whereas in CDMA all users can operate independently and asynchronously.
Furthermore, multi-sectored antennas can provide spatial isolation of users, thus reducing
interference and proportionally increasing capacity. Again in FDMA and TDMA sectorisation
cannot be exploited for capacity as the isolation provided by the antennas is not enough to permit
reuse of a channel in two sectors of the same cell.

Moreover, since isolation among cells is only provided by path loss, which is typically
proportional to the fourth power of the distance, conventional multiple access schemes have to
reuse the same channel in only one of every seven cells in present systems, whereas CDMA
reuses the entire spectrum for all cells. This is of course the most efficient frequency reuse
scheme we can find. Naturally, this scheme introduces more interference, yet this is
compensated for by the interference suppression capability of spread spectrum. Finally, COMA
requires no guard bands or guard times. In FDMA guard bands are required between contiguous
frequency channels because of the non-ideal filter characteristics. Similarly, guard times are
required between time slots in TDMA because of synchronisation errors, propagation delays and
the time delay spread that is present in the mobile radio environment. From this point of view,
CDMA is more efficient as all the users operate continuously, using the entire spectrum. Taking
account of all the above factors, the capacity of a cellular CDMA system is calculated in [8], and
it is found to be almost 18 times the capacity of analog FM/FDMA systems and 6 times the
capacity of digital FDMA and TDMA systems.

There are many other advantages of cellular CDMA. For instance, since wideband
waveforms are employed, signals encounter less severe fading as their reception takes
advantage of the natural frequency diversity over the wideband channel [4]. Also, spread
spectrum modulation allows different propagation paths to be separated when the difference in
the path delays for the various paths exceeds a certain amount of time, which is typically in the
order of 1 microsecond [9]. Therefore, multipath, which is often a fundamental limitation to
system performance, can be suppressed with CDMA. Moreover, equalisers, that are usually
needed in both FDMA and TDMA to reduce the intersymbol interference caused by time delay
spread, are not needed in CDMA. Finally, hard hand-off from one frequency to another while a
mobile user moves from cell to cell does not happen in CDMA. In such a case, only the code
sequences change. This is called a soft hand-off [7,chap.9].



Code division multiple access is mainly accomplished by two different modulation
techniques. The first is direct sequence (DS) modulation, where the signal that corresponds to
each user is modulated by a pseudo-random sequence waveform. At the receiver, the sum of the
signals that correspond to all active users is driven to a correlator, where the correlation with the
desired user's sequence is calculated. Because sequences, or codes, are designed in such a way
so that any two codes corresponding to different users are uncorrelated, the desired user's signal
can be separated from the interference. In the second technique, frequency hopping (FH), many
different channels are employed for each user, so that the corresponding signal hops over many
different frequencies in some determined hopping pattemn. Frequency hopping can be either fast,
when there are two or more hops for each symbol, or slow, when there are two or more symbols
for each hop. However, slow frequency hopping does not increase capacity, while the technology
for fast frequency hopping at 800 MHz is not yet available [7,chap.9] (800MHz is the usual carrier
frequency for terrestrial cellular communications, according to FCC regulations [9], as explained
in Chapter 5). For this reason, this report concentrates only on DS modulation.

An important issue that usually has to be resolved in a CDMA system is the “near-far"
problem. Because all users actually operate in the same spectral band and therefore interfere
with each other, strong signals that are received from users that are near a cell site will tend to
mask weak signals arriving from distant users. For this reason a power control scheme [4] is
usually applied on the reverse link (from mobile users to the cell site). The received power from
each mobile user is measured at the cell site receiver, which then commands a power
adjustment to equalise all received signals within a cell. Similarly for the forward link (from the
cell site to mobile users), the power received from neighbouring cell sites is measured at each
mobile and the necessary power allocation is determined at the cell site transmitters according to
the needs of individual users. Throughout this report, perfect power control is assumed to be
applied in both directions (forward and reverse link).

The objective of this report is to provide a thorough analysis of a cellular CDMA system
in order to understand the main parameters that affect the system performance and to calculate,
in terms of these parameters, the capacity of such a system, thereby verifying the capacity
advantage of CDMA over conventional techniques. In Chapter 2, the generation of pseudo-
random sequences appropriate for CDMA is studied and Gold sequences are selected for the
implementation of the experimental systems mainly because of the good cross-correlation
properties they possess. in Chapter 3, a single-cell, asynchronous, power controlled DS-CDMA
system is considered using BPSK and QPSK modulation, while perfect pseudo-random sequence
and carrier synchronisation is assumed at the receiver (the code acquisition and tracking problem
at the receiver is thoroughly studied in [10,chap.9-10]). The simulations concentrate on the



calculation of the bit error rate (BER) as a function of the E, /I, ratio at the receiver, where E,
is the energy per bit and I, the interference (plus thermal noise) power spectral density. The
required E, /I ratio is calculated for the system to work with an acceptable BER performance,

and based on this ratio, the performance of a multiple cell DS-CDMA system is examined in
Chapter 4. By using analytical calculations and Monte-Carlo simulations, the appropriate
interference terms are estimated for the forward as well as the reverse link. The capacity of both
links is thus estimated and the resuits are shown to be more accurate than those in [8]. In
particular, in accordance with [4], the total system capacity is shown to be limited by the forward
and not the reverse link as in [8,11]. Finally, as shown by a straightforward comparison in
Chapter 5, a considerable increase in capacity is achieved by CDMA comparing with FDMA and
TDMA.



2. PSEUDO-RANDOM SEQUENCES

Code Division Multiple Access (CDMA) is accomplished by means of a set of different pseudo-
random or pseudo-noise (PN) sequences or codes that are assigned to each user. The
performance of a CDMA system depends to a great extent on the design of the PN sequences
that are employed, therefore the properties of different PN sequences are examined in this
chapter. After a brief introduction to the CDMA concept and a presentation of the desired
properties of good PN sequences in the following section, maximal length or m-sequences are
considered in section 2.2 while Gold codes are examined in section 2.3.

2.1 Desired Properties of PN Sequences

Code Division Multiple Access. In the direct sequence (DS) CDMA environment that we will
consider we assume that K users are present in the system. The k-th user's data signal d, (1),
which represents the user's binary information sequence, is a sequence of unit amplitude,
positive and negative, rectangular pulses of duration 7'. Thus d,,(t) can be expressed as

d,(t)= > dPp (t-jT) (1)

j=—w

where d® e{+1,-1}, p,(f) = rect(¢/ 7) and

, 0<r<l

0, otherwise @

rect(?) = {

The k-th user is assigned a code sequence {a."}. If o e{+1,—1} are the elements of {a'"},

the code waveform a, (¢) is formed as

a,(t)= Y aPp, (t-jT)) ®

oo
Then similarly a, () is a sequence of unit amplitude, positive and negative, rectangular pulses
of duration T, << T'. At each user'’s transmitter, d, (#) is multiplied by a, (#) and the resultant
signal is then modulated using a digital modulation technique (e.g. BPSK or QPSK). The
received signal, which is actually the sum of all the transmitted signals plus noise, is the input to
a correlation receiver matched to the transmitted signal of a desired (say Fth) user. Thus the
desired signal is separated from the other user interference, demodulated and despread. This
model can be used for the forward as well as the reverse link under certain assumptions, as will
be described in greater detail in Chapter 4.



Processing Gain. Notice that by the above transmission procedure the data signal is in fact
modulated by the much faster code waveform. Since the necessary bandwidth for the
transmission of the data signal d,(f) is equal to B=1/T and the necessary bandwidth for

transmission of d, (f)-a,(¢) is B, =1/T, the bandwidth is actually spread and the processing

gain [1] is defined as

B,
B

As will be shown later, the greater the processing gain of a CDMA system, the better its
performance. Usually the processing gain is in the range of 10 to 1000 (or 10dB to 30dB).

T
= = — 4
G, - @

Desired Properties. If the code sequences are not totally uncorrelated, there is always an
interference component at the output of the receiver which is proportional to the cross-correlation
between different code sequences, as will be explained in chapter 3. Therefore it is desired that
this cross-correlation is made as small as possible. In addition, in order for the CDMA system to
be able to combat multipath, consecutive samples of the code sequences should be
uncorrelated, i.e. code sequences should have impulse-like autocorrelation functions. Pure
random sequences could be used for this purpose as code sequences, but since the receiver
needs a replica of the desired code sequence in order to despread the signal, PN sequences are
used instead in practice. PN sequences are deterministic, periodic sequences with period N. We
assume that N = T'/ T, = G, so that there is one code period per data symbol. This choice for
N will be explained later. Therefore the PN sequences used in a CDMA system have to:

1. Dbe easy to generate

2. have randomness properties

3. have low cross-correlation
Other properties are also desired for the PN sequences of a spread spectrum system designed to
operate in a hostile environment. For example the sequences should have long periods and they
should be difficult to reconstruct from a short segment [1]. These properties however are not
required for a CDMA system in a non-hostile environment. The first of the above properties is
easily achieved with the generation of PN sequences by means of shift registers, while the
second, or randomness property, is achieved by appropriately selecting the feedback
connections of the shift registers, as will be shown in the next two sections. Finally for the third
property we make the following definitions.

Correlation Properties. The periodic cross-correlation function 9,,, [12] for the code sequences

{a,} and {a,} can be defined as



N-1
6,,() =Y aPa?, 0<I/<N )
j=0

whereas the discrete aperiodic cross-correlation function C,,,,. is defined as

ZN_H a®a® 0<I<N-1

j=0 d TJ+l>

CD={>"""a®a® 1-N<i<0 ©)

j=0 J7

0, 112N

It is easy to see that 6,,(/)=C,,()+C,,(I- N). Therefore we can similarly define the odd
cross-correlation function 79” ()=C,,(1)-C,,(I-N) [13]. The name of this function follows

from the property b,,i OE —@ (N =1I). Notice that the periodic or even cross-correlation
function has the property 8, (1) = 6,,(N -1). For a single code sequence k, the corresponding

autocorrelation functions 6, ,, ?9,,, and C, , will be denoted by 6,, b, and C, respectively.

For best system performance, all of the above cross-comrelation functions should be as
small as possible, since they are proportional to the interference from other users. The out-of-
phase (i.e. for lag not equal to zero) autocorrelation functions should also be made as small as
possible, since these affect the multipath suppression capabilities and the acquisition and
tracking performance of the receivers [10,chap.9-10]. We thus define the peak cross-correlation
parameters 4, 'Q and C, as the maxima of | 6, (/). |9,",. (D) and [C,;(7)| respectively, where
the maximum is taken over all / and all i and k such that i<k. Similarly we define the peak
autocorrelation parameters 6,, @a and C, as the maxima of |6,(/), |“e,,(1)| and |C, (1)
respectively, where the maximum is taken over all / # 0 (mod N) and all k. Finally we define

6, =max{8,,6,}, .. = max{d,, 8.} and C,, = max{C,,C,}.

With the above definitions we can see that the smaller the peak correlation parameters

6. bm and C_,, the better the performance of a system. These parameters, however,
cannot be made as small as we wish. For example, according to the Welch lower bound [14,15],
6, > N{J(K-1)/(NK -1) @
and
Cou 2NJ(K-1)/(2NK -K-1) ®)



for a set of K sequences of period N. Therefore for large values of K and N the lower bounds on
0. and C,, are approximately \/_1\7 and Jﬁ respectively. Moreover, based on equations
(6) and (10) of [15] one can show that

#+6>N ©)
and

C2+C*>N/2 (10)
The above shows that not only is there a lower bound on the maximum correlation parameters,
but also a frade-off between the peak autocorrelation and cross-correlation parameters. Thus the
autocorrelation and cross-correlation functions cannot be both made small simultaneously (for a
more strict bound see also equations (2.21) and (5.32) of [12]). The design of the code
sequences should be therefore very careful so that all the of above quantities of interest remain
as small as possible.

2.2 Maximal Length Sequences

Generation of m-sequences. Maximal length or m-sequences [10,chap.7] are very widely used
in spread spectrum systems because of their very good autocorrelation properties. They are
generated by means of linear feedback shift registers as shown in Figure 1.

mod-2 Adders

——» Output Sequence

m-stage Shift Register
Figure 1, Linear Feedback Shift Register with m stages.

As it is obvious from the figure the output sequence {b,} is a periodic sequence that satisfies the

following linear recursion relation:

b,=cb,  +cb ,++c,b, =D ch (11
i=1

where all elements of the sequence {b, } as well as the coefficients c,, i=1,...,m are assumed

to be either 0 or 1 and the summation is modulo-2. For an m-stage shift register, we always have



c,, = 1. The initial contents of the shift register are called initial conditions. The output sequence
is said to be an m-sequence when its period is equal to N = 2" —1 (i.e. the maximum possible

period for the above shift register generator). The period N depends on the feedback
connections, i.e. on the coefficients ¢, and is maximum when the characteristic polynomial

f@)=1+ex+cx’+4c x" =D cx', ¢,=0 (12)
i=0

is a primitive polynomial of degree m [10,chap.7]. Table 8-2 of [16] and Appendix C of [17]
provide lists of primitive polynomials of degree up to 80 and were used for the simulation
programs in order to generate m-sequences.

Properties of m-sequences. Maximal length sequences have the following very important
"randomness” properties [1]:
1. There is an approximate balance of "zeros” and "ones" (2™ ones and 2™ —1 zeros in
any period of length 2™ —1).
2. In any period, half of the runs of consecutive zeros or ones are of length one, one fourth
are of length two, one eighth are of length three etc.

3. If we define the 11 sequence a,=1- 2b]. as the code sequence used in (3), the periodic

(even) autocorrelation function of {a,} will be two-valued:

_JN, I=0(mod N)
ah= {1, otherwise (13)
1 Autocorrelation of m-sequence (polynomial "0010001", length 127)
0.8
0 (!
0.6
0.4
0.2

2
-150 -100 -50 0 50 100 150
Lag {

Figure 2. Normalised autocorrelation function of m-sequence of length 127.



An example of the autocorrelation function of an m-sequence of length 2’ —1=127 is given in
Figure 2, where the normalised autocorrelation function (1/ N)&() is plotted versus /. We
normalise the autocorrelation function so that its maximum value (for lag / = 0) is unity. It is
obvious that this function is impulse-like as it is desired, while the peak autocorrelation parameter
6, is equal to 1 (1/127 for the normalised function). With such an autocorrelation function, it is
clear that almost all delayed copies of the same signal that arrive at the receiver due to multipath
are attenuated by a factor of 1/127. Thus multipath is suppressed, and this makes CDMA ideal
for a mobile environment where multipath is one of major problems that limit the system
performance. In Figure 2, the coresponding primitive polynomial of degree 7 is defined by a set
of coefficients {c,, c,, ...,c, } which is given as a string of zeros and ones.

{a) Cross-Correlation of "0010001" and "1110001" (length 127)
T 1

0.1 [FTTTO [1] [T I Y 1T, 11‘ 11U Nl
0 LR .. i ,1 B 11| — .
01 L L A FHHI T
-150 -100 -50 0 50 100 150
0.2 {b) Cross-Correlation of "0010001" and "1101111" (length 127)
. Y T T
o ' " ‘i 'rln e 1 S .
-0.2 ' '
0.4
-150 -100 -50 0 50 100 150

Lag !

Figure 3. Normalised cross-correlation function for two pairs of m-sequences of length 127.

Cross-correlation function of m-sequences. From the above we can see that m-sequences
are easily generated and possess excellent randomness properties. However, property 3 of the
previous section is not satisfied, as the cross-correlation function can become very large for
certain pairs of m-sequences (i.e. of primitive polynomials). This is illustrated in Figure 3, where
the (normalised) even cross-correlation functions for two different pairs of m-sequences of length
127 are plotted versus / (the corresponding primitive polynomials of degree 7 are again defined
by sets of coefficients {c,, c,, ...,c, } which are given as strings of zeros and ones).

The cross-correlation between m-sequences can actually be analytically evaluated as in
[12], and thus the peak cross-correlation parameters can be calculated [10,chap.11]. In

particular, there exist pairs of primitive polynomials with corresponding m-sequences {a}")} and

{a} for which the (even) cross-correlation function 6, (J) is three-valued as in Figure 3a and

10



8,6 =22 +1 formodd
I k,;( c
6,,(D s 6, =22 +1 formeven, m =0 (mod 4) (14)

These pairs of polynomials are called preferred pairs. However, for most other pairs of
polynomials that are not preferred pairs, the cross-correlation function, and therefore 9: , IS
much higher as is the case in Figure 3b. Even if we find many pairs of preferred polynomials, it is
still difficult to find a large set of m-sequences such that any two sequences of the set have low

cross-correlation.

M-sequences for CDMA. Because of the high cross-correlation between m-sequences, the
interference between different users in a COMA environment will be large, therefore m-
sequences are not suitable for CDMA applications. Note however that in a completely
synchronised CDMA system, different time offsets of the same basic m-sequence can be
assigned to different users. This way the cross-correlation function between two code sequences
will actually be equal to the autocorrelation function of the basic code which is very small.
Unfortunately this scheme cannot operate in an asynchronous environment - which will be
considered from now on - as in this case the time offsets cannot be determined.

2.3 Gold Sequences

€—» Output Sequence

Figure 4. Gold code generator.

Generation of Gold sequences. As discussed in the previous section, although m-sequences
possess excellent randomness (and especially autocorrelation) properties, they are not generally
used for CDMA purposes as it is difficult to find a set of m-sequences with low cross-correlation

for all possible pairs of sequences within the set. By slightly relaxing the conditions on the

11



autocorrelation function, however, we can obtain a family of code sequences with the high cross-
correlation peaks eliminated. Such an encoding family can be achieved by Gold sequences or
Gold codes [10,chap.11] which can also be generated by shift registers as shown in Figure 4.

The Gold code set is actually obtained by the modulo-2 sum of two m-sequences with
different phase shifts for the first m-sequence relative to the second. Since there are N = 2™ -1
different relative phase shifts, and since we can also have the two m-sequences alone, we can
obtain a set with a total of 2™ +1 sequences of period N = 2™ —1. These sequences, however,
are not maximal length sequences.

Correlation properties of Gold codes. The sets of coefficients {c,c,,...,c,} and
{c,¢;,...,C.} shown in Figure 4 cannot be arbitrary; they have to correspond to a preferred
pair or primitive polynomials. It has been proved that if this is the case, then the (even) cross-
correlation function of any two codes of the set is again three-valued and satisfies the same
inequality (14) as the cross-correlation function of the two m-sequences of the preferred pair
[18,19]. The same holds for the (out of phase) autocorrelation function of any code of the set. In
fact, Gold codes form an optimal set of codes with respect to a certain lower bound on the peak
correlation parameter 6, [12]. As can be seen by direct comparison of (13) and (14), however,
the (out of phase) autocorrelation function is considerably higher than that of an m-sequence.
This agrees with resuit (9), since Gold codes have higher 6, and lower 6, than m-sequences,

and the trade-off between these parameters is thus verified.

{a) Autocorrelation of Gold sequence of length 127

RN
-150 -100 -60

T
50 100 150

Lag {
Figure 5. Normalised autocorrelation and cross-correlation functions
of Gold codes of length 127.
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As an example, a typical (normalised) autocorrelation function of a Gold sequence of
length 127 as well as a cross-correlation function of two such sequences are plotted in Figure 5

versus the lag / . It can be seen from this figure that the autocorrelation function is impulse-like
as well, but now the its out-of-phase components (i.e. for /# 0 (mod N)) are indeed notably

higher than the corresponding components in the case of m-sequences. The cross-correlation
function, however, is always bound and does not have peaks as in Figure 3b. Both the peak
correlation parameters 6, and 6, are indeed equal to 2*"?+1=17 (17/127 for the

normalised cross-correlation function) as predicted by (14).

Note that the odd cross-correlation for Gold does not satisfy inequality (14). An upper

bound on 79,__ , however, can be found in [12]:
g <2m 42 41 (15)

where [x] denotes the integer part of x. Although this bound is considerably higher than that of
(14) for 6, , on the average the odd cross-correlation function is not much higher than the even
one. This is illustrated in Figure 6, where a typical odd cross-correlation function of two Gold
codes of length 127 is plotted versus / . As will be shown in chapter 3, for CDMA applications the
odd cross-correlation function is as important as the periodic (even) one. However, the odd
cross-correlation function has receiver considerably less attention in the literature. Some relevant

results can be found in [12].

0dd Cross-Correlation of Gold sequences of length 127

0.2 T
T T LTI T AT
0 R A ) ! JLE Wl ) M-
-0.1 ! ----- -+ S B e 1 .
-150 -100 -50 0 50 100 150

Figure 6. Odd cross-correlation function of two Gold codes of length 127.

Balanced Gold codes. We should also note that not all Gold codes generated by the above
procedure are balanced, i.e. the number of "ones" in a in a code period does not always exceed
the number of "zeros” by one as is the case for m-sequences. For example, as can be found in
[10,chap.11], for m odd only 2™ +1 code sequences of the total 2™ +1 are balanced, while the
rest 2™ code sequences have an excess or a deficiency of ones. For m = 7, for instance, only
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65 balanced Gold codes can be produced, out of a total possible of 129. Of these, 63 are non-
maximal and two are maximal length sequences. Because balanced codes have more desirable
spectral characteristics, only those are used in the experimental CDMA system of the following
chapter. Balanced Gold codes are generated by appropriately selecting the relative phases of the
two original m-sequences, as shown in [10,chap.11].

Concluding this section, note that with the above described procedure, and by selecting
any preferred pair of primitive polynomials it is easy to construct a very large set of ideal code
sequences that minimise other-user interference. Instead of having each user employ a different
m-sequence we assign to each user a member of the code set. This set has the property any two
codes that belong the set have cross-correlation function that is upper bound as in inequality
(14), thus the high cross-correlation peaks are eliminated. The sequences obtained in this way
are nonmaximal, hence their autocorrelation function is not two-valued; however the out-of-
phase autocorrelation function still satisfies inequality (14) as proved in [18]. Other encoding
families (e.g. Kasami sequences) can also be constructed, as described in [12] and [20].
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3. ANALYSIS OF A SINGLE-CELL DIRECT SEQUENCE
CDMA SYSTEM

In order to gain an insight of how a CDMA system operates and to illustrate how the performance
of such a system depends on the number of users present in the system, a single-cell,
asynchronous direct-sequence (DS) CDMA system is analysed and simulated in this chapter.
Gold codes are used as code sequences, because of their good cross-correlation properties that
make them ideal for CDMA applications, as it was highlighted in the previous chapter. Two digital
modulation techniques are used, namely binary phase-shift-keying (BPSK) and quadrature-
phase-shift-keying (QPSK), which are developed in sections 3.1 and 3.2 respectively, while their
performance comparison is carried out in section 3.3.

In all that follows in this chapter, K users are assumed present in the system, whose DS
modulated and transmitted signals are received, together with thermal noise, at a single
correlation receiver. The (coherent) receiver is assumed matched to the transmitted signal of a
single, desired user, while all the other signals constitute the total interference. This can serve as
a model of both the forward and the reverse link of a cellular CDMA system under certain
assumptions, as will be described in greater detail in the next chapter. The objective of this
chapter is to relate the performance of the system, which is measured by the bit-error-rate (BER)
with the total number X of users as well as with the E, / I, ratio at the receiver, where E, is the
energy per bit and I, the (one-sided) interference plus thermal noise power spectral density. The
E, /1, ratio is also called the equivalent energy utilisation efficiency (EUE_,) in a CDMA
environment, in analogy with the energy utilisation efficiency (EUE =E, / N,, where N, is the
(one-sided) thermal noise power spectral density) that is often used in ordinary digital
communication systems. The maximum number of users, or equivalently the minimum required
E, /I, ratio is calculated for the system to work with an acceptable BER performance, and an
initial estimate for the system capacity can be obtained in this way. Based on this analysis, the
performance of a multiple-cell DS-CDMA system is examined in Chapter 4, where other factors
of a cellular environment are also considered, such as fading and other-cell interference.

The systems that are considered in this chapter are assumed perfectly power-controlled
so that all transmitted signals arrive at the receiver with exactly the same power and the near-far
problem referred to in the introduction is eliminated. Power control can often be implemented in
practice with great accuracy and more details of the validity of the above assumption will be
given in the following chapter. Furthermore, the systems are assumed totally asynchronous, that
is, there is no common timing reference for the K transmitters. This is actually an advantage of
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CDMA over other multiple access techniques, because all users can transmit independently and
no signalling information is required.

3.1 The Binary PSK DS-CDMA System Model

System Description. For BPSK modulation, the DS-CDMA environment that we will consider is
mainly based on [13] and it is shown in Figure 7 for X users.

i |
4| 31® — Delay i
| ' =
|
| a® 0 |
| L on
ao! s, () oyl z — {0
-}—D?—D%—DH—D%—.BPF . BPF —;—,fdt—-— Detector -
! | i t o |
L a® of® | ir() 6® ® |
: . et
i . i Receiver
dH! tosd !
. " :
1 |
| ol ol §
Transmitter

Figure 7. Binary PSK DS-CDMA system model.

As described in section 2.1, the k-th user's data signal d,(f), which represents the

user's binary information sequence, is a sequence of unit amplitude, positive and negative,
rectangular pulses of duration 7 and can be expressed as

d, ()= > dPp,(t-jT) (16)

where d¥ e{+1,—1}, p.(f)=rect(t/ 1) and the "rect" function has been defined in (2).
Similarly, the k-th user's code waveform a,(¢) is a sequence of unit amplitude, positive and

negative, rectangular pulses of duration 7, << T (which are called chips) and can be expressed

as

a, ()= Y. aPp, (t-jT,) an

j=—o
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where {a{"} is the k-th user's code sequence and a'’ € {+1,~1} for all the elements of {a'"}.
The period of each user's code sequence is selected as N =T/ T, and therefore there is one
code period per data bit (or N chips per bit). For the BPSK case thus N = G,. At each user's
transmitter, d, (¢) is first multiplied by a, (7) and then with the carrier ¢, (f), which is given by

¢ ()= V2P cos(w,t + 6,) (18)
where P is the signal power, @, is the centre frequency and 6, is the phase of the k-th carrier. P
and @, are assumed common for all carriers. The transmitted signal s,(f) of the k-th user is
therefore

5,(t)=\2Pa, (t)d,(t)cos(w,t +6,) (19)
Since the transmitters are not time-synchronous, there is a different time delay 7, for each signal
s, (¢) before it reaches the receiver, such that 0< 7, <7 for k=12,...,K. The carier phases

6, are also assumed different so that 0< @, <27 for k=1,2,...,K. Thus, ignoring for the time
being the two band-pass filters at the transmitters and the receiver, the received signal r(r),

which is actually the sum of all the transmitted signals plus noise, is given by

r(1)= YN 2Pay (- 5,)d,(t - 7,)08@f + 9,) + (1) @0

where @, = 0, —@,7, and n(t) is the thermal noise of the channel, which is modelied as a
white Gaussian random process with (one-sided) power spectral density N,. The received signal

is then driven to a correlation receiver matched to the transmitted signal of a desired (say ith)
user. Without loss in generality, we shall assume that 7, = §, = 0 for the Fth user. The output of

the receiver at f =T is thus

Z = %J;Tr(t)a,. (t)cosw,t dt 21)
Finally, the output of the correlation receiver is the input to a detector, where the estimate of
d,(t) is produced, called D,(t), by taking the sign of Z, . Thus a decision is taken on the
transmitted signal d,(7). If Z, >0, the decision is that di” = +1 was transmitted. If, however,
Z, <0, the decision is that d’ =—1 was transmitted. This of course holds if the two
transmission probabilities P, = P{d®’ = +1} and B, = P{d" = —1} are equal. If they are not, a

different decision threshold can be used, according to a certain detection criterion.

Calculation of the Other-User Interference. By substituting (16) and (20) into (21), one can find
[13]that, at #=T, the output Z, becomes

|-

s
Z,=\P/2 déi)+zuk,i(rk’¢k)+
k=1

ki

T
J'n(t)a,. (H)coswt dt (22
0
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where u, (7., @, ) is the contribution of the k-th signal s, (¢) to the output Z,, defined as

#,,(%,9,) = A[dDR, (7,)+d R, (7,)]cos @, @3)
where A= (1/T)JP /2 and

R, (9= a,(t-D)a()ar 4

R,0)=[ a¢-Da()a @)

are the continuous-time partial cross-correlation functions between the k-th and ith code
waveforms, defined for 0< 7<T. In (23), it is assumed that @, >> 1, so that the double

frequency components of the integrand of (21) can be ignored. This condition is always satisfied
in a practical CDMA system. Furthermore, using the definition (17), the above cross-correlation
functions can be expressed as

R (9)=C,,(I-N)T +[C,,(I+1-N)-C,,(I- N)(=-IT,) (26)
R, (9=C,, (WL, +[C,,(+D)-C,,(DK(=-IT,) @
for 0<IT. <7<(I+1I <T, where C,, is the comesponding discrete aperiodic cross-
correlation function defined in (6). Finally, using the even and odd cross-correlation functions
6.,(D=C,,()+C,,(I-N) and b,,.i(l)zc,,,,.(l)—C,,,,(l —N) respectively, equation (23)

becomes

U, ; ( T O ) =Ad (Ek){gk,i (lk )I; + [ek,i (Ik + 1) - ek,i (lk )I( T~ lk]:.- )} cos (/8 (28)
for dP =d%, and
(%, 0,) = AdP{8,,(1)T, +(6,,(1, +1)- 6,,(1))(7, — LT, )} cos @, (29)

for i = d}, where 1, is an integer such that /,T. < 7, < (I, +1)T..

By the above analysis. several conclusions can be drawn. Firstly, it is evident from (22)
that the output of the correlation receiver contains three terms: the desired term P/ 2d§i)

corresponding to the desired ith user, the sum of the contributions of the X —1 signals of the
other users, which is the total interference, and finally the contribution of the thermal noise. in the

absence of the noise and the interference, Z,= P /2 d{", so that the decision taken at the

detector as described above always gives the comrect result. In the presence, however, of noise
and interference, Z;, becomes a random variable so that there are non-zero error probabilities

P{Z,>0|d? = -1} and P{Z, <0|d® = +1}. From the distribution of this random variable, the
total error probability (probability of wrong decision at the detector) can be calculated, as shown
in the following section, giving an estimate of the bit-error-rate of the CDMA system.
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Secondly, it is obvious from (28) and (29) that the contribution of the k-th interfering
signal to Z, is proportional to the (even or odd) periodic cross-correlation function between the k-
th and ~th code waveforms. Therefore, designing the code waveforms so that these cross-
correlation functions are as small as possible is essential for reducing the total other-user
interference and thus enhancing the system performance.

Thirdly, since all data sequences {dJ’.‘} are usually sequences of independent, identically

distributed random variables taking the values +1 and -1, the events d.° = d%’ and d® # d®

have equal probabilities so that the situations that resuit in (28) and (29) occur one half of the
time on average. Thus for CDMA applications the odd cross-correlation function is indeed as
important as the even cross-correlation function.

Finally, note that if the number of chips per bit is less than the period N of the code
waveforms, the cross-correlation functions appearing in (28) and (29) will be partial, as the
integration in (24) and (25) will be over a small part only of the code period. Since partial cross-
cormrelation functions are usually much larger [10,chap.11] this will result in much greater
interference.

3.1.1 System Analysis

Probability of Error without Band-Pass Filtering. Based on the previous development of the
system model, and still ignoring the effect of the band-pass filters, the probability of error can be
calculated by means of the distribution of the random variable Z,. in particular the Gaussian
approximation may be used, as explained in [3], i.e. the multiple access interference and thus Z,

may be approximated by a Gaussian random variable. This approximation holds sufficiently well
when K and N become large, i.e. when many users are present in the system and when long
code sequences are employed. More accurate bounds on the probability of error can be found in
[21] and [22]. Because of the symmetry involved in the CDMA system when P, = P, =1/2, only

the case d‘f" =+1 can be considered, so that the probability of error, based on the Gaussian

approximation, can be expressed as

B =B-P{Z,<0|d® =+1}+B-P(Z,>0]d" = -} =>

P =P{Z <0|d® =+1}=T{m/ o} (30)
where

T{x}= 2 e @31)

1
7k
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is the upper tail function of the standard (zero mean, unit variance) Gaussian probability density
function,

m=E{Z|d® =+1}=PI2 (32)
and [13]

o* = Var{Z|d® = +1} =

Z[zu,,(0)+uu (1)1+—— (33)

k#i

2N :

where the correlation parameters u, ,(n) are defined as

#)= FC(DC A+ @

In (32) and (33) the expectations are taken with respect to the data symbols d$*, d®, the
phase shifts @, and the random delays 7, which are assumed to be mutually independent
random variables. The data symbols d, d% are assumed to take values +1 and -1 with equal
probability, @, is assumed uniformly distributed in [0,2] and 7, uniformly distributed in [0, T].
Expression (33) can be further simplified since it is suggested in [15] that
7o, =24,,(0)+u,,(1) = 2N>. This value of 2N is actually the expectation of 7,, when pure
random code sequences are employed, and is a good approximation as N increases. For
example, for N=127 that was used in the simulations of the following section, a typical value for

r,,; for the first two of the Gold sequences that were generated was 7, = 3.1782 x 10* while
2N? =3.2258 x 10*. Using this approximation, (33) becomes

2= PE-D N,

35
6N 4T ©9)
so that
K-1 N YY"
P=T{{——+2" (36)
3N 2E,

where E, = PT is the energy per data bit. This relation is very useful as it relates P, directly with

the number of users K. Thus by substituting appropriate values for the system parameters
N, E,, N,, one can find the maximum number of users K so that the probability of error does not

exceed a certain value. An estimate for the capacity of the system can thus be obtained, as
shown in the following section. It is also evident from (36) that, since N = G, the processing

gain is a very important parameter in a CDMA system, as an increase in the processing gain
leads directly to an increase in capacity. Notice finally that the signal-fo-noise-plus-interference
ratio at the output of the ith correlation receiver is
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_E@d =) _mt (K1 K Y @
“" Var{Z|d®=+1} & | 3N 2E,
sothat P =T {,/SNRw}. The signal-to-noise-plus-interference ratio is an important performance

measure together with the probability of error P,.

Probability of Error with Band-Pass Filtering. Since in a real-life application the CDMA signal
has to use a limited amount of spectrum and to avoid interference with other signals at nearby
frequencies outside this spectral band, each user's signal s,(¢) has to be band-pass filtered
before being transmitted. Due to the linearity of the filters, this is equivalent to taking the sum of
all signals s,(7), k=1,2,...,K and then band-pass filtering as shown in Figure 7. The
necessary bandwidth for transmission of the CDMA signal is B, =1/T, centred at frequency
Jo = @,/ 27, i.e. the transmitter filter pass band should extend from f, —1/27 to f, +1/2T..
At the receiver, r(f) is passed through a similar band-pass filter in order to eliminate the thermal

noise as well as the interference from other signals outside the desired spectral band.

The various effects of the transmitter and receiver filters on the autocorrelation curves of
the transmitted signals are studied in [10,chap.8]. In particular, apart from the delay that is
introduced by the filters, the autocorrelation curves are broadened, introducing correlation loss.
False clocking in the code tracking loop of the coherent receiver can also occur due to the non-
linear amplitude and phase response of the filters. However, the exact calculation of the effect of
the filters on the system performance, especially if non-linear amplitude and phase distortion is
considered, is rather involved and a simple approximation can be adopted instead, by assuming
that the other-user interference behaves as white Gaussian noise in the frequency band that
extends from f, —1/2T, to f,+1/2T,. In this case the system is equivalent to a BPSK system
in the presence of white Gaussian noise of (one sided) power spectral density
I, =(K-1)P/B_+N,, since all users are assumed to transmit at equal power P. The

probability of error of such a system is [23,pp.275-279]

P =1{,2EVE_, } = T{\2E, T1,} (38)

or equivalently

P=T 2L, "l rf| X1, % N (39)
‘ (K-1PT.+N, 2N 2E,

since B, =1/T, E, =PT and T/T = N. Note that this expression resembles very much to

equation (36) and the only difference is that the factor of 3 in (36) is here replaced by a factor of
2. Also, the signal-to-noise-plus-interference ratio at the output of the receiver can now be found
as
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IB rrniTt I

SNR_, =2G, -SNR, = =2EUE,, (40)

where SNR,, is the signal-to-noise-plus-interference ratio at the input of the receiver, or

-1
K- 1 N,
SNR - 41
i ( 2N 2E ] “n
so that again P, =T {,/SNRM}. Finally, the system performance is expected to be deteriorated

in this case, since the SNR_, is lower than in (37), giving a higher probability of error. This is

natural, as the filters cause correlation loss and therefore degrade the receiver performance.

3.1.2 Experimental Results

lllustration of System Operation. In order to estimate the accuracy of the above presented
theoretical analysis, an asynchronous BPSK direct sequence CDMA system was implemented

using MATLAB, based on Figure 7. Experimental results were thus obtained for the probability of
error P, as a function of the number of users K as well as the E, / I, ratio at the receiver, with

and without the transmitter and receiver filters.

Direct Sequence BPSK Modulator (fo=10KHz, PG =7)
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Figure 8. DS-BPSK modulation for a single transmitter.
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Before presenting these results, an illustration of the DS-BPSK modulation and

demodulation procedures is shown in Figures 8-12. In Figure 8, the modulation procedure is
shown for a single transmitter. The data signal d(7) comesponds to the data "0101" (note that a

"0" comesponds to d(f) =+1 while a "1" corresponds to d(#) =—1) while the code waveform
a(?) corresponds to the m-sequence "0011101" of length 7. Note that in this case N=G,=1.
The carrier c(¢f) has initial phase #=0 and frequency f, =1/T = f, =10KHz , where
o, =2nf, , so that there is one only carrier period per chip. Finally, the carrier power is P=1/2,
so that the transmitted signal s(¢) has unity amplitude. Note that in practice, the carrier is much

faster and the code sequence much longer.

In Figure 9, the combination of two signals s,(¥) and s,(f) in a COMA environment is

illustrated, as well as the effects of the transmitter filter and the noise. Here, again P=1/2 and
f.=1/T =10KHz, while f,=2f, =20KHz, so that there are two carrier periods per chip.

Because only digital signal representations can be used in the simulations, all signals are
sampled at a sampling frequency f, =20f, =0.4MHz, so that there are 20 samples per

carrier period. Gold sequences of length 127 (generated by 7-stage shift registers) are used as

code sequences, while 10 chip periods are only shown in Figure 9. The initial carrier phases
6,, 6, are uniform random variables in [0,27], and the delay 7, is a uniform random variable in

[0, T), while 7, =0. The filtered signal s,(f) is produced by passing 5,(t) +s,(7) through a
bandpass filter with pass band from f, = f, — f./2 (15KH2) to f, = f, + f, /2 (25KHz), while
the signal 7(¥) also includes white Gaussian noise of power equal to the signal power, P.

Direct Sequence BPSK CDMA System (Transmitter)
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Figure 9. Combination of signals in a COMA environment.
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The transmitter filter is a digital, bandpass, elliptic filter of order 12, whose amplitude
response G(F), where F = f/ f, , is shown in Figure 10 in logarithmic scale. The frequency

axis is normalised with respect to the sampling frequency. For example, the normalised lower
cut-off frequency is F, =(f,—f./2)/f,=0.0375, while the nommalised upper cut-off
frequency is F, = (f, +f./2)/ f,=0.0625. In order to find the actual frequency, one has to
multiply the frequency shown in Figure 10 with the sampling frequency f, = 0.4MHz. Finally,

the ripple in the pass band is 0.1dB and the attenuation in the stop band is 60dB.
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Figure 10. Amplitude response of the transmitter filter.

Direct Sequence BPSK CDMA System (Receiver)
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Figure 11. DS-BPSK demodulation.

In Figure 11, the demodulation procedure at the receiver is illustrated. The received
signal r(7) is first bandpass filtered giving the signal 7,(7) and then multiplied with the code
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waveform q,(f) and the camier c(f) of the first user, producing the signal
z,(t)=r(t)a,(t)c,(f). The receiver filter is the same with the transmitter filter, but in the

simulations the data were passed through the receiver filter in reverse order, effectively
removing all phase distortion. The signal z,(¢), which is the input of the integrator, is positive

most of the time, so that the output Z, of the cormrelation receiver is also positive, corresponding

to a correct decision, as the data bit "0" is being sent in this example.
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Figure 12. Input of the integrator in a DS-BPSK receiver.

The decision procedure is better illustrated in Figure 12, where the signal z,(¥) is shown

for two data bit periods corresponding to the data "01". It is obvious in this figure that the mean
value of z,(7) is positive or negative comresponding to the data that is being sent. Naturally, the

situation is much worse if more than two users are present in the system.

Results on System Performance. The performance results of the DS-BPSK CDMA system are
shown in Figures 13-14, where the experimental bit error rate and the theoretical probability of
error are shown as functions of the number N of users and of the E, /I, ratio at the receiver. In
the experiments, the parameters P=1/2, f =125MHz, f,=2f =2.5MHz,
f,=20f, =50MHz were used, so that there are still 20 samples per carmrier period and two
carrier periods per chip. Gold sequences of length N=127 (generated by 7-stage shift registers)
were used as code sequences. Thus the processing gain is G, = N = 127 and the bit rate is
R=1/T = f, /127 = 9800bits/sec. The number of users varies from 20 to 64, which is almost

the maximum number of balanced Gold codes of length 127 (actually all the 63 non-maximal as
well as the one only maximal length sequence were used). The noise power is kept equal to the
signal power P. In this case, note that E, / Ny = PT/(P/B_,)=T/T, =N =G, and this value

was used for the theoretical calculations (36) and (39).

A total of 10000 data bits were used to test the system with equal transmission
probabilities P, = P, =1/2. The experiment was implemented by 500 iterations of 20 bits at a

time, while a different set of carrier phases 0,, , delays 7, and code sequences were used for

each iteration (a different permutation of the 64 code sequences was actually used each time) so
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that an average BER could be calculated with respect to all these parameters. The signal-to-
noise-plus-interference ratio (SNR") at the output of the receiver was also calculated in the

experiment, and from this another estimate for the probability of error was obtained through the

relation P, = T{,/SNR_, }.

Bit Error Rate for BPSK-DS-CDMA System
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20 25 30 36 40 45 50 55 60 66
No. of users, K

Figure 13. BER performance of a DS-BPSK CDMA system with and without filters.

In Figure 13, the experimental bit error rate (BER) of a system with and without
bandpass filters is shown as a function of the number N of users, together with the theoretical
probability of error as well as the one estimated through the SNR . It can be seen that the
experimental BER (percentage of bits that were incorrectly detected), the theoretical probability
of error obtained by (36) (without filters) or (39) (with filters) and the probability of error obtained
through the SNR_,, all agree. If the BER must not exceed 107, it can be seen from the figure
that the system can accommodate up to K=40 users without filters and up to 27 users with filters.
This is expected as the system performance is deteriorated in the presence of filters. However,
K=27 is a much more realistic result since in a practical COMA system filters are always used.
Therefore the capacity of such a system can be estimated as K=27 users. However this is a soff
capacity limit since a few more users can be accommodated at the expense of a little inferior
performance, in contrast with other multiple access techniques where the capacity (i.e. available
number of channels) is fixed.

We shall see in the next chapter that in a mobile cellular environment there is always a
non-zero probability that the BER exceeds a certain value, and a different technique will be used
in order to estimate the system capacity. In particular, BER can be estimated as a function of the
E, /I, ratio at the receiver, as shown in Figure 14. This figure was obtained by plotting the

experimental BER as well as the theoretical probability of error (given by (36) or (39)) versus
E, /1, (given by (40) and (41)) for different values of K. It can be seen that an E, /I ratio of
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approximately 7 dB is desired in order to maintain BER below 10 (with filters included). This will
be used in the next chapter in order to estimate the capacity of a multiple-cell COMA system.

10" BER vs. Eb/lo for BPSK-DS-CDMA System
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Figure 14. BER as a function of E, / I, for a DS-BPSK CDMA system.

Finally, it should be noted that in a practical system a typical value of the total bandwidth
B_=1/T = f, is 1.25MHz, while a typical value for the bif rate R=1/T is 10Kbits/sec for an

acceptable quality vocoder for digital telephony applications [8,9], resulting in a processing gain
G, =125, which is very close to the value of 127 that was used in the experiment. Hence, the
system implementation is very close to a real-life application. However, the carrier frequency in a
practical system is much higher (about 800MHz for digital cellular telephony [9]). This could not
be implemented in the simulations, as it would require a huge amount of signal samples for the
same number of bits. Still, the accuracy of the results is not affected since the system
performance does not depend on the carrier frequency.
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3.2 The Quadrature PSK DS-CDMA System Model

System Description. For QPSK modulation, the DS-CDMA system that will be considered is
mainly based on [24] and is shown in Figure 15 for K users.

1
= fdt Detector [+
L] |
| o
40 | r(t) % {D®
1
| 2 el 1
| |
| |
| :

L e e e e o e e e it e e e e [ e e o T e e o e e

Transmitter

Figure 15. Quadrature PSK DS-CDMA system model.

This system is very similar to the BPSK system described in the previous section. The
main difference is that data bits of each user are now grouped in symbols of two bits. Thus the k-

th user’s binary information is now represented by two different data signals d, () and J,,(t)

that can be expressed as

d,(t)=>.dPp,(t- jT) 42)
j=—0

d,()=Y d®p,(t-jT) 43)
j=—co

where d® =&, d* = 6%, and 6* e{-1+1} represent the initial data sequence. Thus,
d,(t) is formed by the even data bits and Jk (7) by odd ones. At each transmitter, the two data
signals are first multiplied by two different code waveforms a, (¢) and 4, (7), and then by two

different carriers
c.(t)= JP cos(wyt+6,) (44)
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&, (1) =vPsin(wt+6,) (45)
while the transmitted signal is formed by the sum of these two components:

5:(8)= P -[a,()d, (1)cos(@yt + 6, )+, (1)d, (1)sin(@y! +6,)] “8)
Note that now the amplitude of the carriers has changed from +2P to \/-17 so that the power of

the transmitted signal s, (¢) still remains equal to P. Ignoring again the effects of the bandpass
filters, the received signal (f) can be expressed as

HO)=VPY @, (1= 1,)d, (1 - 7, )cos(axt + 9, )+

VP4, 1), (t - 5)sin(@gt + ,) +1(6) an

The received signal is the input to two different correlation receivers matched to the signal s,(7),

whoseoutputs at 7 =1 is

17
Z=— [ r@ae)cos oyt dt 48)

PR N PN
,_-fjo r(1)a,(f)sin @t dt 49)

Finally, Z, and Z,. are the inputs to two detectors and, based on their signs, a decision is made

on the transmitted signals d,(¢) and J,.(t) in a similar way as in the BPSK case. Estimates of

d,(t) and 3,.(1‘) are thus obtained, named D, (¢) and D, (t).

Calculation of the Other-User Interference. Again, by substituting (42) and (47) in (48) (and
similarly (43) and (47) in (49) ), it can be found [24] that, at # =T, the outputs Z; and Z,. become

X
Z,=vJP/4d? +Zuk,i(7b ¢k)+%J;Tn(t)ai(t)cos @t dt (50)

k=1

ki

-~ -~y K
Z =JP/4d® +Zi}k_i(rk,¢k)+%fn(t)&,.(t)sin ot dt (61)

k=1

ki

where #,,(7,, @, ) is the contibution of the k-th signal s, (¥) to the output Z, and i, ,(7,, 9, ) is

the contibution of s, (f) to the output Z, . Assuming that the code waveforms are a(t)=a,t)
forall k=12,...,K, these contributions can be expressed as

Uy, (7, @) = A[APR, (7,)+dPR, (,)]cos @, +
+A[dPR, (7,)+dPR, ,(7,)]sin @, 52)
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iy, (7, 0 ) = —AdDR, (7)+ &R, (7,)]sin @, +
+A[dDR(7,)+d R, (7,)]cos g, (53)
where R, (7) and I‘i,,.,.(t) are defined as in (24) and (25). Similar results can be found for

a,(r) #a,(t), though a slightly more complicated notation has to be used. Furthermore, the

interference contributions u,,(7,,®,) and i,,(7,,®,) can be expressed in terms of the

discrete aperiodic cross-correlation functions 6, (/) and b,’i (1), as in section 3.1. However, it is

already obvious from equations (52) and (53) that the total interference is the same as in the
BPSK system, since there are two independent terms like that in (23) (therefore the interference
is doubled), while the factor A is now divided by ﬁ (therefore the interference power is divided
by 2). This result can be used directly for the calculation of the probability of error of the QPSK
system, as will be explained in the next section.

3.2.1 System Analysis

Probability of Error without Band-Pass Filtering. Based on the previous development of the
system model, and ignoring the effect of the band-pass filters, the probability of error can be
calculated by means of the distribution of the random variables Z, and Z,, as in the BPSK case.
Considering only the case d = +1 again (and similafly d® = +1), and using the Gaussian
approximation, the probability of error of the two correlation receivers is the same, and can be
expressed as

p=P{Z,<0|d? = +1} = P{Z, <0|d? = +1} = T{m/ o} (54)
where
m=E{Z|d? = +1}=E{Z|d?" = +1} =P/ 4 (55)

and, using the observation the interference is the same as in the BPSK system, o is given by
(33) and approximated by (35). Thus, defining £, = PT as the energy per data symbol and since

each symbol contains two bits, so that the energy per bitis E, = E, /2= PT'/ 2, (54) becomes

{( 20K-1) N, )“’2
p=T + (56)

3N  2E,

The total symbol error probability for the QPSK system can be found as
P =1-(1-p)*=2p-p* [23,pp.283-200] so that the bit emor probability is
P=P/2=p-p*/2=p:
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-1/2
p=rl(2K=D N, 7
3N 2E,

This relation is very similar to (36), except for a factor of 2 that shows that the QPSK system
behaves as having twice the number of users, comparing to the BPSK system. Thus, although
the data rate can be doubled with the QPSK system (since two data bits can be transmitted
simultaneously), the other-user interference is higher, resulting in inferior performance. Finally,
the signal-to-noise-plus-interference ratio at the output of the i-th correlation receiver is

2 i) _ 2c¢771 7 R 2 _ -1
SNR, < EAZldy =+B _ E'{Z|dy =+ m' _(2K-1) N, -
Var(Z|dP =+1)  Var{Z|dP =+ o |\ 3N 2

sothat P, =T {,/SNRM }. as in the BPSK case.

Probability of Error with Band-Pass Filtering. Assuming again that in the presence of
transmitter and receiver filters the other-user interference behaves as white Gaussian noise of
(one sided) power spectral density J, = (K —1)P/B_+ N, in the frequency band that extends

from f,—1/2T, to f,+1/2T,, the bit error probability is [23,pp.283-290] P, = p— p*l2=p,

where

=1l BT} - 7

or equivalently

1/2 -1/2
P=T ( 2E, ) 7 (2(1(—1)+ N, ) )

(K-DPTL +N, 2N 2E,
since B, =1/T,E, =PT/2 and T/T = N. Again, this relation is very similar to (39), except
for the same factor of 2 that shows that even with the transmitter and receiver filters the QPSK
system behaves as having twice the number of users comparing to the BPSK system. Note also
that this expression resembles very much to equation (57) and the only difference is that the
factor of 3 in (567) is here replaced by a factor of 2. Thus, the system performance is expected to
deteriorate in the presence of filters. Finally, the signal-to-noise-plus-interference ratio at the

output of the receiver is again SNR,,, = 2EUE,_,, or

-1
SNR,, = AK-1) | N, ®1)
2N  2E,
sothat P, =T {,/SNRM }

31



3.2.2 Experimental Results

As for the BPSK case, an asynchronous direct sequence QPSK CDMA system was implemented
using MATLAB, based on Figure 15, and experimental results were obtained for the probability of
error P, as a function of the number of users K as well as the E, / I, ratio at the receiver, with

and without the transmitter and receiver filters. These results are shown in Figures 16-17.

In Figure 16, the experimental bit error rate (BER) of a system without bandpass filters is
shown as a function of the number N of users, together with the theoretical probability of error as
well as the one obtained through the SNR,,. Here the parameters P=1/2,
[.=1/T =1.25MHz, f,=2f, =2.5MHz and f, =20 f, = S0MHz were used again, and
Gold sequences of length N=127 (generated by 7-stage shift registers) were used as code
sequences. The same code sequence was used for the in-phase as well as the quadrature
component of the QPSK signals. The number of users varied from 10 to 64, while the noise
power was kept equal to the signal power P. A total of 10000 data symbols were used to test the
system, in 500 iterations of 20 bits each time, as for the BPSK system. The two experiments
were thus very similar. The main difference, however, is that for the same values of 7 and T,
the QPSK system has twice the bit rate R=2/T =27, /127=19600 bits/sec, and half the
processing gain G, = B /(2 /T) = 63.5.
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Figure 16. BER performance of a DS-QPSK CDMA system with and without filters.

In Figure 16, it can be seen that the experimental BER, the theoretical probability of error
obtained by (57) (without filters) or (60) (with filters) and the probability of error obtained through
the SNR_, all agree. The system performance is again deteriorated in the presence of filters,
thus the capacity is expected to decrease, as for the BPSK system. Indeed, if BER <107 is
required, the capacity is 21 users without filters and 14 users with filters. Note that this capacity is
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almost the half of the respective capacity of the BPSK system. However, the two systems have
different processing gain and different bit rates, therefore a straightforward comparison is not
possible. A comparison between the two systems is presented in the following section.

BER vs. Eb/lo for DS-QPSK CDMA System

T
1 With Filters B
100 Lo I s W o
- SN N
St
N5
102 | Without Fitters | \’\\ﬁ‘ NN
\
X <
‘ N hY
| SN
10* T E > =
—————— —= : Theoretical N
N
N
\\
10°% =~
0 1 2 3 4 5 6 7 8 9
Eb/lo {dB)

Figure 17. BER as a function of E, / I, for a DS-QPSK CDMA system.

Finally, in Figure 17, the bit error rate is given as a function of E, /I,. It can be seen

from this figure that the results are also the same with the BPSK system. This can be easily
explained by comparing equation (38) of the BPSK system with (59) and (60) of the QPSK
system. Again, an E, /I, ratio of approximately 7 dB (with filters) is required for a performance

BER <107,

3.3 Performance Comparison of BPSK and QPSK Systems

The BPSK and QPSK systems were implemented with the same values of T and T, so that N

also remains the same and the same code sequences can be used. However, this means that
the QPSK system has twice the bit rate and half the processing gain of the BPSK system, as
noted in the previous section, therefore a straightforward comparison is not possible. A
comparison can be made only if a single user of the QPSK system is regarded as a pair of users
of the BPSK system, since for the QPSK system the bit rate is double. Thus we can consider that
the number of users of the QPSK system is two times the number that was actually used in the
experiment. This way the two systems can be considered to have the same bit rate and
processing gain, and the result is that the curves of Figures 16-17 are shifted to the right, as
shown in Figure 18, where the performance of BPSK and QPSK systems is compared (with
filters included). It can be seen with this modification that the QPSK system has slightly better
performance than the BPSK. In particular, the capacity is about 27 users for BPSK and 28 users
for QPSK, with a required performance BER <1073,
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Bit Error Rate for BPSK and QPSK DS-CDMA Systems
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Figure 18. DS BPSK and QPSK performance comparison (BER vs. number of users).

In Figure 19, the BER performance of the two systems is shown as a function of E, / I,

with filters included. It can be seen that again, the performance is almost the same, and the two
theoretical curves coincide. An E, /I, ratio of 7 dB approximately is required for both systems

for a required performance BER <107, This value will be used in the next chapter for the
evaluation of the capacity of a multiple-cell system, but some modifications will be necessary in

order to take other factors into account, such as multipath fading and error correction coding, that
are present in a real application.

BER vs. Eb/lo for BPSK and QPSK DS-CDMA Systems
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Figure 19. DS BPSK and QPSK performance comparison (BER vs. E, / I,).

Since a processing gain of 127 was used for the COMA systems, this means that the
total spread spectrum bandwidth used is 127 times the necessary bandwidth for transmission of
the data signals. Therefore, using the same total bandwidth with another multiple access
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technique, such as FDMA or TDMA, would provide a capacity of almost 127 users. From this
simple comparison, it is obvious that the spectrum efficiency of the CDMA system is much
inferior to that of other techniques. However, this situation can be remedied through voice
activity detection and sectorisation, as explained in the introduction and analysed in the following
chapter. Also, CDMA makes much more efficient frequency reuse since it reuses the whole
available spectrum in all cells. Thus, as shown in the next chapter, the capacity of COMA can
exceed the capacity of other techniques.

For all the systems analysed and simulated in this chapter, we made the assumption that
the code period N is equal to the processing gain '/ T,, resulting in one code period per bit.
Thus, the cross-correlation functions involved are not partial and the resulting interference is
less. However, in practical applications long code periods are often desired (e.g. in the order of
N =2%—1), not only because of the privacy feature they provide, but mainly because in this
case the number of available individual codes is extremely large (in our experiment, only 64
codes were available). Also, there is flexibility with respect to multiple bit rates and variable
processing gains, and there is no need to change the code when a mobile crosses a cell
boundary, i.e. in a hand-off situation. In [25] it is shown that the loss in the BER performance
from the use of such long codes is tolerable. In particular, for a BER performance of 107, the

difference in the required E, / I, ratio is in the order of 1 dB. Thus, because of their advantages,

long codes may often be preferred in a practical application.

Finally, it should be noted that the results obtained in this chapter agree with the
respective results of Chapter 3 of [26], although in [26] the theoretical and experimental results
do not agree so well as in this report. However, a straightforward comparison between these
results is difficult, since different code sequences and generally different system parameters
were used in [26].
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4. ANALYSIS OF A MULTIPLE-CELL POWER CONTROLLED
DS-CDMA SYSTEM

A mobile cellular communications network consists of a number of mobile subscribers, or users
that communicate with one or multiple cell sites, or base stations, which are interconnected with
the public switched telephone network. The systems that have been studied in the previous
chapter can serve as a model for a single-cell CDMA system only, because K perfectly power-
controlled users have been assumed to communicate with a single cell site, so that all the users'
signals arrive at the cell site receiver with the same power, P, while no propagation attenuation
has been considered. In a multiple-cell environment, however, the situation becomes more
complicated for the forward link (from cell sites to users) and the reverse link (from users to cell
sites) as well.

For the reverse link, for example, users are power controlled by the cell sites of their own
cell. Thus, their interference to another cell is no longer constant, but varies proportionally to the
attenuation in the path to that cell and inversely proportionally to the attenuation in the path to
their own cell site. Therefore a propagation model has to be used in order to calculated the total
interference from all cells, since it is this interference that determines the capacity of the link.
Also, for the forward link, power control takes the form of power allocation at the transmitter of
the cell site, according to the needs of individual users. Therefore, in general, the signals that
correspond to different users do not arrive at another user’s receiver with equal power, and the
model of the previous chapter cannot be used directly. Several modifications have then to be
considered for both links. The reverse link is analysed in Section 4.1, while the forward link in
Section 4.2.

Notice however that although in the single-cell case it is actually possible to analyse or
simulate the whole CDMA environment by adding K equal-power DS modulated signals, this kind
of analysis becomes very difficult in the multiple-cell case since a huge number of such signals is
involved. The situation is further complicated due to multipath fading and shadowing losses that
are present in mobile environment. For this reason, an analysis based on the E, / I, ratio at the
receiver will be considered in this chapter. In [8] it is proposed that, assuming direct sequence
QPSK modulation and coherent receiver, the required value for E, /I, is 5dB (3.16), in order to
ensure that BER <1072, This takes account of not only the other-user interference, as in Section
3.2, but also multipath fading, error correction coding and interleaving. This value will be adopted
for the forwand link, since coherent reception is easy to implement due to the presence of a pilot
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signal that is transmitted by each base station. For the reverse link, however, the receiver is
usually non-coherent and an E, / I, of 7db (5.01) is required instead.

Note that due to inaccuracy in the power control mechanism, the required E, / I, can

be modelled by a log-normally distributed random variable with standard deviation between 1
and 2 dB [11]. In order to simplify the calculations, however, the required E, / I, will be

considered constant and equal to 5dB for the forward and 7dB for the reverse link.

4.1 Reverse Link Analysis

Assuming that K-1 interfering signals of equal power S, as well as a total other-cell interference
of power [ arrive at a cell site receiver, the E, / I, ratio is

_ S/R _ G,
(K-1)S/B,+I1/B,+N, (K-1)+I/S+N,B,/S
where R is the bit rate, B, is the total bandwidth occupied by the system, G, = B, / R is the

E, /1, ©62)

processing gain and N, is the (one-sided) power spectral density of the thermal noise. Note that
R=1/T, where T is the bit period, and B, =1/T,, where T is the chip period. Therefore as K
increases, E, /I, decreases and therefore the probability of error increases. However, the
relation (62) is not as simple as the relevant expressions in the previous chapter, since now [ is
a random variable that also depends on the number of users per cell, K. The calculation of the
distribution of this random variable will enable us to calculate the reverse link capacity.

Before doing this calculation, we should note that the system performance can be
improved through voice activily detection and sectorisation, as explained in the introduction. In
particular, the power of one user's signal at a specific time instant can be expressed as v§
instead of S, where v is the voice activity binary random variable which equals 1 with probability
a and 0 with probability 1—- a. Extensive studies have shown that 4 is between 0.35 and 0.5
[8,11,3]. A value of 3/8=0.375 will be adopted, as in [8]. Furthermore, each cell can be divided in
three sectors by means of three directional antennas, each having 120° beamwidth. If we denote
the effective number of users per sector by K, = K/3, (62) can be modified as

K1 -1
E,,/Io=G,,-(ka+F+n) (63)

k=1

where v, is the k-th user's voice activity random variable, 7= N_,B,, /S and F=1/S is the
other-cell interference-to-signal ratio, or the normalised other-cell interference per secfor. 1t is
clear that with these two techniques the total interference is seriously decreased (by almost a
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factor of 3/ a=8) and therefore the total capacity per cell is increased by almost the same
factor.

In order to estimate the distribution of the random variable F, the propagation in a mobile
radio environment has to be considered. The propagation attenuation is usually modelled as the
product of the fourth power of distance by a log-normally distributed random variable
representing the shadowing loss or long-term fading [7,chap.1]. Thus for a user at a distance r
from a base station, the attenuation is proportional to 7*10™°, where £ is a Gaussian random
variable with zero mean and standard deviation o= 8. This model of course does not consider
the fast short-term fading due to multipath, but this generally does not affect the average
received power level.
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Figure 20. Hexagonal cell structure used in our cellular environment..

In Figure 20, the hexagonal cell structure that is used in most cellular environments is
illustrated. Based on the above propagation model, and if we suppose that an interfering user j

is at a distance r, from its own cell site and r, from the cell site of a desired user, as shown in
Figure 20, then due to power control this user produces an interference term Fj in the desired

user's cell site, which is equal to

I, e
F} = @ = (,;;410—5’0/10) / (’;—410-{,/10) — (’;: /'6)410“’ 1) 64)
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where &, and £_ are independent zero-mean normal random variables with variance o”. Note
that since cell membership of a user is determined by minimum attenuation in the path from the

user to the nearest cell sites, the term F, must be always less than unity so that user j does not

belong to the same cell as the desired user.

The total normalised interference is then F = ZjF} where the summation is taken

over all the users of a sector that do not belong to the cell of the desired user. Since this
summation involves an infinitely large number of subscribers randomly placed in the sector, the
calculation can become quite complicated. For this reason we assume that users are uniformly
placed in space, which is of course an average situation. In Section 4.1.1, a continuous, uniform
density of users is assumed, so that the above sum is substituted by an integral over the whole
sector area of Figure 20 and an analytical solution is found for F, based on [8]. In Section 4.1.2,
the sum is calculated with Monte-Carlo simulation, assuming again a uniform distribution of
discrete users on a rectangular grid. Finally, in Section 4.1.3 the reverse link capacity is
estimated based on equation (63).

4.1.1 Other-Cell Interference: Analytical Solution

Assuming a continuous, uniform density of users over the whole sector area, the above sum is
substituted by an integral and the total normalised other-cell interference F can be expressed as

F=[[v(r, 17)10#° L(r, I 7o, )p ey (85)
A

where A is the two-dimensional sector area, y=¢& — &, is a zero-mean, normal random

variable with variance o =202, and p=2K/ (3J§)= 2K, /3 is the user density if we

normalise the hexagonal cell radius to unity, as in Figure 20, where the hexagonal cell structure
is also illustrated. The function L(7, /r,, ¥ ) is given by

. /10
L(rc/ro,x)={l’ v 0 /n)0T <1 (66)

0, otherwise

and is used to limit the integration outside the cell of the desired user (as we have previously

noted that F; must be always less than unity). In [8] it is shown that in this case F is a Gaussian

random variable with mean

my = E{F}=a[ 1, . /n)pdsdy )
4

where
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fm(rc/rO)z(rc/rO)Af(rc/rO) (68)
f@,/1,)=e®T{40log,, (7, /1,)/ 0, + o} (69)
where f=(In10)/10, and T{x} is the Gaussian tail function defined by (31). Also, F has

variance
o% = Var{F}=a[ £,(r, Ir,)p dedy )
4
where
£, )= /7,) (8. /1)-af(r./1,)] @
8. /r)= e(zpa)’T{4OIng(rc Ir)l o,+2p0,} 72

Therefore the above equations provide an analytical solution for the probability distribution of F.
This distribution is completely determined if we calculate the two deterministic integrals given by
(67) and (70). However, the integrals can only be numerically computed because of their
complexity. Also, three main difficulties are involved in this calculation.

1. The calculation becomes quite complicated if the interfering user base station is chosen
according to minimum attenuation, as is usually done in practice, since in this case a very
large number of base stations should be considered and only the one for which the
attenuation in the path to a specific user is minimum should be selected as this user's base
station. For this reason, we made the simplifying assumption that the base station is chosen
according to minimum distance and not to minimum attenuation. This assumption is also

made in [8], while in [27] a more general case is studied, where the base station is chosen as
the one with minimum attenuation among a set of Nc nearest stations.

2. Even with the above assumption, the distances r, and r, appearing in (67) and (70) have to
be calculated as functions of the co-ordinates x and y, and for this reason the co-ordinates
X, and y_ of the nearest cell station have to be found. Since this task is not trivial, a pair of
transformed, non-orthogonal co-ordinates X and y was employed and the whole integrations
were performed using these co-ordinates. The co-ordinates X and y are defined as

X=x+cy 73)

y=2y 4)
where c =1/ 1/5 , and are illustrated in Figure 20. If we know the transformed co-ordinates X
and y of a specific user then it can be easily verified in Figure 20 that the transformed co-
ordinates fc and j‘lc of the nearest base station can be determined by the following very
simple algorithm:

e Find m = [X]+[y] (mod 3), where [x] is the integer part of x.

o Ifm=0,then X, =[X] and §, =[y].

e Ifm=1thenX, =[X]+1and§ =[y]+1.
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o Finally, if m= 2, then:
- fX-[X]>¥-[7].then X, =[X]+1 and §, =[¥].
- fX-[X]<y-[7].then X, =[X] and §, =[§]+1.
The distances 7, and r, can then be found by using the fact that the actual Euclidean
distance between two points A, B with transformed co-ordinates (X, ) and (Xz,)z) is
given by
j_x = (24 - fn)z + (5’4 - 5’3)2 - (iA - fn) : @4 - 5’3) (795)

3. Finally, we can observe that the integrands of (87) and (70) are singular not only at point
(0,0) where 7, = 0, but also at all locations of base stations, where r, = 0. This problem of

course does not arise in practice and is due to the fact that the propagation model that we
used is valid for long distances only. Instead of using a more accurate (and of course more
complicated) propagation model, we limited 7, and 7, so that they are never below a small

value 1/Q (Q=1000 was used for the integrations) in order to overcome this problem.

Using the transformed co-ordinates X and J, it can also be shown that the integration area A

becomes rectangular, therefore the integration limits become very simple. Indeed, (687) can be
expressed as

my = E(F}=ap| [ £,(r./n,)J ! & 78)
00

where J is the Jacobian of the transformation

1
J=| €l=2c=2/43 an

0 2
Since p=2K,/ V3, the integral becomes

VX
my = E(F}= K, [ [ fu(r. /1) 6D )
00

where we have also assumed that the upper limits of integration x,, and y, are finite, so that
numerical computation can be applied. In Fig. 21, f, (7. /7,) is plotted as a function of x and y.
This figure actually represents the mean interference at the central base station receiver at the
origin (0,0) caused by a user at location (x,y). The hexagonal cell structure is clearly
distinguished, while it is obvious that, due to power control, users far from their base stations

(near cell boundaries) have to transmit at greater power levels and therefore cause greater
interference to the desired cell site receiver at the origin. It is also obvious that f,, (7, /r,) tends

to zero for large x and y, therefore the assumption that x,, and y,, can be finite is justified.
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Figure 21. Mean interference at the origin as a function of x and y.
Similarly, the variance integral becomes
YaX,
0% = Var{F} = aK, fffv(rc I1y) dEdy 9)
00

The upper limits x,, and y, were selected according to the desired accuracy of the computation.
For example, for an accuracy of 107 it was found that x, = y, = 100 is enough for the mean
and x,, =y, = 50 is enough for the variance. Under all the above assumptions, (78) and (79)
were numerically computed using the MATLAB function quad8, which applies an adaptive
recursive Newton Cotes 8 panel rule [28]. With an accuracy of 1075, the following results were
found:

mg = E{F}=0.425628K, (80)

o% = Var{F} = 0.132347K, @61)
The results are quite different from those of [8], where it is found that m, =0.247K, and
o’,’, =0.078K,. However, the same results (80) and (81) are approximately found with a

different method in the following section, verifying the accuracy of both results. Moreover, it can
be found from the results of [27] that m is indeed much larger than the one found in [8], in

agreement with the above results.

4.1.2 Monte-Carlo Simulation

Using a uniform distribution of users on a rectangular grid (using the transformed co-ordinates X
and y), the probability density function of the total normalised other-cell interference F was
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evaluated using Monte-Carlo simulation. In this case F was calculated as a sum instead of an
integral:

ky  ka
F=3 > v, /r)10""°L(r, /1, x) (82)
k,=0 k,=0

where 7, and r, are the distances that correspond to the transformed co-ordinates x=k.d and
y = k,d, while the upper bound £, is such that k,d = x,, = y,, = 20. The step d was chosen as
d = 0.1, so that there are (1/d) x (1/d)=10x10=100 users in each cell sector (since the cell
radius is normalised to 1, as in Figure 20). Note that 7, and 7, are calculated from £ and y in
exactly the same way as in the previous section, and in order to avoid singularities, 7, and 7, are
limited again, as described previously. Note also that (82) is a discrete form of (65), which
enables us to use real random values for the binary random variable v and the normal random
variable x and therefore to obtain a large number of samples of the random variable F. In fact,
approximately 40000 samples were calculated, from which a histogram was constructed using 40
bins, shown in Figure 22. It is obvious that this histogram indeed approximates a Gaussian

probability density function. A real Gaussian pdf was obtained using the mean and variance of
the samples, and is also drawn in Figure 22 with a continuous curve.

Histogram of reverse link interference-to-signal ratio

=
0.1 ;‘
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pdfiF)
0.06 \,‘
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0 h
25 30 35 40 45 50 56 60 65

F

Figure 22. Histogram of the other-cell interference-to-signal ratio F.

The mean and variance were obtained from the samples as m, = 42.7112 and o} = 13.5816.
Since these values correspond to K, = 100 users per sector, and since it is shown in [8] that m;
and o are proportional to K, , it can be deduced that in general
mp=E{F}=0.427112K, (83)
o% = Var{F}=0.135816 K, (84)
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The assumption that m and o’}, are proportional to K, is justified since F is in fact the sum of
K, independent random variables. Moreover, it was verified by repeating the same simulation
for K, =5x5=25 users per sector. However, the calculation cannot be repeated for every
possible value of K, as the computation time required is very large. For this reason, the

approximate relations (83) and (84) can be used.

Comparing (83) with (80) and (84) with (81) we can see that the two different methods of
computation have given almost the same results. Thus, the validity of both is verified. However,
only (80) and (81) will be used in the following section for the evaluation of the reverse link
capacity, since they are more accurate.

4.1.3 Reverse Link Capacity

Based on the analysis of the previous sections, the reverse link capacity can be evaluated using
equation (63). Since the E, /I, ratio has to be greater than (E, /1,)_, = 7dB (5.01) in order

for the bit error rate to be less than 107, the probability that BER > 10~ is

K,-1 -1
P=P{BER>10*}=P GP(Zv,,+F+n) <(E, /1) (85)
k=1
Since the random term in (85) is actually the sum of the binomial random variable Zf: v, and

the Gaussian random variable F with mean and variance given by (80) and (81), P can be
calculated in terms of these two distributions and the result is [8]

P= KZ':I(K;‘I) a*(1-a)~*r I-k-mK, k;mFK‘ (86)
P J6K,

where 71, = 0.425628, &2 = 0.132347 and

0=G,/(E, /1), —n (87
With voice activity factor a = 3/8, total bandwidth B, = 1.25MH?z, bit rate R = 8 kbit/ sec and
noise-to-signal ratio #» = 1dB (as in [8]), so that G, = 156.25 and & = 29.917, the probability P
that the required performance is not achieved is given in Figure 23 as a function of K, the
number of users per sector. Four curves are shown, corresponding to variable load levels for the
surrounding cells. For example, the leftmost curve corresponds to fully loaded cells, while the
rightmost to a single cell without any other-cell interference. Obviously, the more the surrounding
cell load, the worse the system performance.
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Figure 23. lilustration of reverse link capacity per sector.

The soft capacity limit feature of CDMA is obvious from this figure, since it is shown that
more subscribers can be accommodated in the system at the expense of slightly inferior
performance. For example, if the desired probability is P<0.01, up to 28 users/sector can be
accommodated, but the capacity can be increased to 30 users/sector if the performance
restriction is relaxed to P<0.03.

The reverse link capacity of 28 users/sector obtained from the above analysis is lower
compared to the capacity of 36 users/sector found in [8]. This discrepancy is due to the fact that
a different distribution was obtained for the other-cell interference-to-signal ratio F. This result,
however, is more accurate since it was obtained through two different methods and it agrees

with the results of [27]. Finally, for a cell of three sectors, the reverse link capacity is
K =3K, =84 users/cell.
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4.2 Forward Link Analysis

As explained in the beginning of this chapter, for the forward link power control takes the form of
power allocation at the base station transmitter according to the needs of individual users in a
given cell. For this reason, each subscriber measures the received power level of signals from all
base stations (actually the pilot signal powers are measured), and all measurements are
transmitted to the selected base station (the one with the largest power), where a decision is
made on the required transmitter power from the base station to the subscriber. Assuming that all
but the L nearest base stations are negligible, since the power received from them is very small,
we can rank the L received powers as

§>8,>-->8 >0 (88)
where Sl is the largest received power and therefore corresponds to the selected base station. In

this case the received E, / I, for the ith user can be expressed as [8]

YC8 Gy
Z; S +N,B,

where v is the fraction of the total base station power devoted to users (usually ¥ = 0.8 for all

(B, /1), = (89)

base stations), 1—¥ is the fraction devoted to the pilot signal, and C, is the fraction of the
selected base station power devoted to the ~th user. The superscripts (i) refer to the received

powers at the th user. Thus, in order for the Fth user to operate with acceptable performance
(BER >10*), C, must be

E /1) N 1 ot
C,> o dea 1 3 50150 on)] @0

where (E, /1,),, = 5dB(3.16) and n,= N,B_ /S®. However, the total power available for

subscribers at the base station of the th user is }'SI, therefore for K, users/sector we have

>Csl ©1)
Thus, if we define the factor
L i i
gi=1+zj=2S§)/Sl() (92)

as the ratio of the sum of all received powers at the i-th user to the largest one, it follows from
(80) and (91) that

_Nk 1G; N s
G=2 8 NTAIAN 2am=0 @3)

Ignoring the terms 7, since they are very small, and with (E, /I,),.. = 5dB and G, =156.25
as before, we find that &' =39.528. As explained in [8], the desired performance of



BER <107 cannot be achieved for all users within a sector if inequality (93) is not satisfied.
Thus,

P=P{BER>10°}=P{G> "} (94)
and the capacity again depends on the distribution of a random variable, G. However, an
analytical solution cannot be found as for the reverse link. Thus, the forward link capacity is
calculated by two different numerical methods. First a Chemoff bound is found in Section 4.2.1,
and then a Gaussian approximation in Section 4.2.2. Finally, the forward link capacity is
estimated in Section 4.2.3.

4.2.1 Chemnoff Upper Bound

Because G is the sum of the K, independent random variables g;, the distribution of g, can be
first obtained and from this a Chemoff upper bound of P can be found. This method of course
only provides a bound that overestimates the actual probability P, but the computation involved
is rather simple. The distribution of g, can be obtained through Monte-Carlo simulation. In
particular, we used a set of points placed on a rectangular grid inside a sector area defined by
0< ¥ <1, 0<y<1. This is shown as the shaded region in the middle of Figure 24. As we can
see from this figure, all but the L=19 nearest cells are assumed to contribute negligible receiver

power, so only two rings of cells around the central cell are considered for the calculation.
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Figure 24. Geometry for calculation of the forward link capacity.

For each of the 20 x 20 = 400 points on the grid, the attenuation in the path to all 19 cell centres
was calculated based on the previous propagation model as 710%"°, k=12,...,19, where 7,

is the distance from a specific point to the k-th cell centre and fk the respective Gaussian
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random variable representing the shadowing loss. Assuming that all base stations transmit at
equal powers, the received powers at each point are proportional to r{“lO"‘:*’ ' Thus g, —1lwas
estimated by ranking all these 19 random variables r,,‘4 107%™ and finding the ratio of the sum of
the 18 smallest to the maximum. Using the transformed co-ordinates ¥ and y, the experiment

was repeated 20000 times for each of the 400 uniformly distributed points in the shaded area of
Figure 24 and a histogram was obtained from the total of 8 x 10° samples. Figure 25 shows the
estimated probability density function of the random variable g, —1. The result is in complete

agreement with [8], where a very similar experiment was performed.

pdfigi-1}

[+] 0.6 1 1.6 2 2.6 3 3.5 4 4.5 6
g1

Figure 25. Estimated probability density function of the random variable g, — 1.

From the pdf of g, —1, an upper bound on probability P can be obtain as a Chemnoff bound [29]:

P=P{G-6">0}<min E{e €)= min{e“’s'E {f:xp[sZ::'1 g, ]}}

But since all g; are independent,

P< n;i?{e-ss'nzle{es& }}___ I?)i(l,l{e_w[E{esg' }]K,}

From the histogram of g,, E{e* } can be estimated as Zk pe™ , where p, is the probability

that g; falls in the k-th interval [u,,u,,,] and the summation is over all histogram bins. Thus,
P<min{e'[Y, pe~1} = min£(s) (©5)

The function f,(s) is shown in Figure 26 for different values of X, from to 16 to 24. From this

figure it obvious that the function has a local minimum at a specific value of s, and this minimum
depends on K, . Therefore we can obtain an upper bound on the probability P by expressing this

minimum as a function of X,. The result will be presented in Section 4.2.3 together with the

result of the Gaussian approximation of the next section.
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Figure 26. The function f,(s) for various values of K.

4.2.2 Gaussian Approximation

Instead of estimating the pdf of g, and then calculating probability P based on a Chemoff bound,

the pdf of the sum G = 2:1 g, can be directly estimated through a very similar Monte-Carlo

simulation. Thus it can be shown that, for a large enough number of users, this pdf is
approximately Gaussian, and the probability P can be simply expressed in terms of a tail
function. This simulation, however, needs more computation time, since for a single sample of G

a lot of samples of g, are required.
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Figure 27. Histogram of the random variable G, and its Gaussian approximation.

Using the same rectangular grid (in the transformed co-ordinates X¥ and j) of
20 x 20 = 400 uniformly spaced points, i.e. for X =0,d,2d,...,1-d and y =0,d,2d,...,1-d,
where the step d = 0.05, 400 values were calculated for g, as in the previous experiment and G

was estimated as their sum. This experiment, therefore, corresponds to a uniform distribution of
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400 (discrete) users per sector. A total of 3 x 10° samples of the random variable G were thus
obtained, and a histogram of 40 bins was constructed, shown in Figure 27. It is obvious that this
histogram approximates a Gaussian distribution. From the mean m, = E{G} = 619.67 and

variance o = Var{G}=147.41 obtained from the samples, a Gaussian probability density

function was constructed, shown superimposed in Figure 27 as a continuous curve.

Since G is the sum of K, independent random variables, it can be shown that, exactly as

for the random variable F involved in the reverse link analysis, the mean and variance of G are
proportional to K. Thus, since the results of the previous experiment correspond to K, = 400

users/sector,
m; = E{G}=154917K, (96)
ol =Var{G}=0.36853 K, o

for any value of K. This was also verified by repeating the same experiment for 10 x10 =100
users/sector. Therefore, by approximating G with a Gaussian random variable of mean and
variance given by (96) and (97) respectively, the probability P of not achieving adequate
performance can be directly calculated as shown in the next section.

4.2.3 Forward Link Capacity

From equation (94) and the Gaussian approximation obtained in the previous section, the
probability P can be expressed as

&' K,
JGK,

where 77, =1.54917, 62 =0.36853 and &’ =39.528. In Figure 28, the probability P that is

P=P{BER>10%}=P{G>0"}=T (98)

obtained by the Chemoff Bound as well as the Gaussian approximation is shown as a function of
the number of users, K,.

The soft capacity limit feature of CDMA is also obvious from this figure, exactly as for the
reverse link, while it is shown that the Chemoff bound approach indeed overestimates the
probability P. In order for P to remain below 1072, it can be seen that the total number of
users/sector cannot exceed 22. It is important to remark that this forward link capacity is smaller
than the respective reverse link capacity of 28 users/sector found in section 4.1.3. Therefore the
CDMA capacity is limited by the forward link and not by the reverse link. This result is different
from the result of [8] (where a forward link capacity of 38 users/sector is found), but is in
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agreement with [7,chap.9]. Finally, for a cell of three sectors, the forward link and therefore the
total capacity is K = 3K, = 66 users/cell.

10°

10"

102

P{BER > .001)

102

104

Ks, Users/Sector
Figure 28. lllustration of the forward link capacity per sector.
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5. COMPARISON OF CDMA WITH CONVENTIONAL
CELLULAR SYSTEMS

CDMA capacity at full bandwidth. For the capacity of 66 users/cell that was calculated in
chapter 4, a total channel bandwidth of B, =1.25MHz was assumed. According to FCC
regulations since 1980 [30], a total bandwidth of 25MHz for the forward and 25MHz for the
reverse link has been allocated for the provision of cellular services. The FCC has divided this
allocation equally between two service providers, the Block A and Block B operators, as shown in
Figure 29. Therefore a total bandwidth of 12.5MHz is available for each link of each service
provider. This bandwidth, however, is not contiguous; it is sub-divided in two sub-bands. The
minimum available contiguous bandwidth is thus 1.5MHz, as shown in Figure 29.

Reverse Link 824 825 835 845 846.5 849 (MHz)
Forward Link 869 870 880 890 8915 894 (MH2)

Figure 29. Cellular frequency allocation.

For this reason, it is suggested in [9] that a set of ten 1.25MHz bandwidth CDMA channels can
be used in order to exploit the full bandwidth of 12.5MHz. In this case, the total capacity of a
cellular CDMA system can be approximately 660 users/cell.

Capacity of analog FM/FDMA cellular systems. As explained analytically in [31], a frequency
reuse scheme is usually applied in order to increase capacity in FDMA systems, which also
creates co-channel interference. Although this interference is much smaller than in CDMA, since
the same frequency is not reused in every cell as in CDMA, such systems do not have the
interference rejection capabilities of CDMA, and therefore it is usually this co-channel
interference that limits their capacity. In order to reduce co-channel interference, the distance
between co-channel cells (i.e. cells within which the same set of frequency channels is used) has
to be large compared to the cell size. In other words, denoting the cell radius by R and the
distance between two adjacent co-channel cells by D, the co-channel interference reduction
factor g=D/R has to be large.

In order to maintain adequate system performance (i.e. voice quality), it has been found
by subjective intelligibility tests [31] that the carrier-to-interference ratio C/ at the receiver has to
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be not below (C/I)_, =18dB. Considering a hexagonal cell structure, the interference in a

worse case comes from six interferers placed at equal distances from the desired receiver,
yielding a C/ ratio

Cl/1= C/ (3¢ 1,+n) 99)

where C is the received carrier power in a desired cell, n is the thermal noise and I, is the
interference from the k-th interfering cell. This approach assumes that more distant co-channel
cells contribute negligible interference and holds for the forward and the reverse link as well [31].
Ignoring the thermal noise, and assuming fourth-order propagation law yields

C/I=R*/6D*=¢q"16>(C/I),, = q>[6(C/I)_ 1" =4.411 (100)
for (C/1),_, =18dB. Moreover, the reduction factor q is equal to

q=3M (101)
where M is the number of cells in frequency reuse pattern [7,chap.5). Therefore

M=q¢"/3>6.48 (102)

and for this reason a frequency reuse pattern of 7 cells is most often used. Effectively, therefore,
the total allocated bandwidth is divided in seven sub-bands, each of which is used in one cell
only in a certain pattem. With a total bandwidth B, =12.5MHz and a required channel
bandwidth B=30KHz for analog FM, up to B, / B=416 channels per cell pattem can be
accommodated, or 416 / 7= 60 channels per cell. Note that using 3KHz single-sideband (AM-
SSB) channels does not increase capacity, since in this case (C/I)_, has to be increased to
38dB. Thus, an analog FDMA system capacity cannot be more than 60 users/cell and it is
evident that the CDMA capacity is 11 times the capacity of an analog FDMA system.

Capacity of digital FDMA/TDMA systems. Digital cellular systems are less susceptible to
interference, since voice signals are treated digitally and can be protected by error correction
coding. Consequently, for the same voice quality, the required (C/I)_,, is usually lower than
that in analog systems. In [31] it is suggested that (C/I) ., should be about 10 to 12 dB for
30KHz channel bandwidth and 16 to 18 dB for 10KHz bandwidth. Thus, keeping
(C/I)_, =18dB, three digital FDMA or TDMA channels occupy the same bandwith as an
analog channel and therefore the capacity of such systems is 3 times the capacity of analog
FDMA systems, or 180 users/cell. Still, the CDMA capacity is almost 4 times higher.
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6. CONCLUSIONS

Code Division Muiltiple Access is a multiple access scheme that has been used for many years
for satellite communications and quite recently for digital cellular radio. Although CDMA
possesses certain properties that are very important in a cellular environment, such as multipath
suppression, it was not until recently [8] that it was recognised that a cellular CDMA can also
provide greater capacity, in users/cell, than a conventional FDMA or TDMA system. In fact,
extensive field trials and demonstrations of practical cellular COMA systems have been carried
out until today and it is now seen that CDMA can not only solve the short-term capacity concemns
of cellular industry, but also provide a next generation of wireless communication services in the
United States [9].

The objective of this report was first to examine two different spread spectrum
modulation techniques that are commonly used for CDMA purposes and then to actually
calculate the capacity of a multiple-cell COMA system. Several conclusions can be drawn from
the above analysis. First of all, it was demonstrated that code sequence design for DS
modulation is very important, since the multipath suppression capability depends on the
autocorrelation functions of code sequences, the other-user interference depends on the
respective cross-cormrelation functions, and finally the autocorrelation and cross-correlation
functions cannot be made very small simultaneously. Gold codes were selected because of their
very good correlation properties, and it was indeed verified by the simulations that they behave
as pure random codes, which are ideal for CDMA but cannot be used in practice.

From the analysis of the direct sequence BPSK and QPSK systems, it can be seen that
both systems perform equally well in a CDMA environment, although the performance of the
QPSK system is slightly better. One of the most important parameters in the design of such
systems is the processing gain, which should be as high as possible for a low probability of error.
The processing gain is however limited by the total available bandwidth for a given bit rate. The
bit rate should be made as small as possible by applying efficient voice coding. One other
important factor is the code period, which was equal to the processing gain in our simulations,
because in this case the other-user interference is minimised. In practice, however, much longer
codes might be employed, in spite of their slightly inferior performance, because of the many
advantages the have. Finally, the thermal noise does not seem to affect the system performance,
since, even with a signal-to-noise ratio of unity, its contribution to the total interference is
equivalent to adding just one more user to the system.
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From the analysis of the multiple-cell COMA environment, we can conclude that it is the
forward and not the reverse link that limits the system capacity. Note, however, that voice activity
detection was not considered in the analysis of the forward link, and with this modification the
forward link might have better performance. The total system capacity was found inferior
compared with previous results [8], but the results obtained here were shown to be more
accurate, since they were verified by two different methods for both links. Still, the CDMA
capacity is much higher compared with conventional analog and even digital systems.

The measure of system capacity that was used in the analysis of the multiple-cell COMA
system was the maximum number of users per cell that can be serviced at one time for a given
service quality. In practice, however, the measure of economic usefulness of a multi-user
communication system is the peak load that can be supported with a given quality, as measured
by the blocking probability, i.e. the probability that an incoming user will find all channels busy.
Considering a random traffic arrival process and a random service time, the Erlang capacity can
be evaluated, which is the average traffic load that results in a maximum tolerable blocking
probability. Such an approach is used in [11] and it would be very useful to apply this approach in
our analysis of the forward and reverse links and find a more accurate estimate of the CDMA
Erlang capacity.

Some more accurate estimates of the CDMA capacity can also be found, recognising
that, due to imperfections in the power control mechanism, the required Dbit-energy-to-
interference-density ratio at the receiver is not constant, but rather a log-normally distributed
random variable [11]. Also, cell membership is determined in practice not by minimum distance,
but rather by minimum attenuation. Using these two facts the calculations can be made very
accurate, although they become rather complicated. The rough estimates obtained in this repont,
however, already show that the CDMA capacity is much superior to the capacity of other
systems.

Finally, the system capacity can be further enhanced by using directive antennas and
applying superresolution beamforming techniques, which have been introduced quite recently.
This way high resolution capabilities can be provided, resulting in spatial isolation of users. Thus
the total other-user interference is reduced and the system capacity is proportionally increased.
Concluding, cellular CDMA systems can provide a next generation technology for truly portable
communications in the most economic and efficient manner providing for a graceful evolution
into the future generations of wireless technologies.
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APPENDIX A

Pseudo-Random Sequences Simulation

All the calculations involved in the experiments of this report were implemented using
MATLAB. The programs that were used for this purpose, either script files or functions, are
included in this as well as the following appendices.

PRIMINIT.M

This file contains primitive polynomials of degree up to 80.
The coefficients are given in octal representation.

P2=0'7'1;

P3=['13'];

P4=0'23'1;

P5=['45';'75';'67'];

P6=['103';'147";1155'];
P7=012111;12171; 1235 ;1367 ; 1277+ ;43251 ;120313131 1345'];
PB=['4351;15511; 747" ;1453 ;15451 ;15371 ;1703";1543'];

PO=["10211; 11131791461 ;71423 ;11055 ;' 1167';11541*; ...
113331, 11605; 17511, '1743' ;' 1617 ;1553 ;'1157');

P10=[120111;124151;137711; 12157+ ;*35151; 1277311 2033"; ...
124431;126611; 130231 ; 1354315 127451 ; 124311131771 ;
P11=['4005"; 144451 ;142151 ;440551 ; 160151 ; 1 74131; 141431

145631; 140531 150231 ; 56231 ; 145771 ; 162331 166731 ; V733511 ;

P12=['10123";15647"';'16533"';'16047";'11015"; *14127*; ...
1176731 ;213565 ;1153411 ;415053%;*15621";'15321*; ...
"114171;113505'];

P13=[120033"; 1232611; 124623 ; 123517*; 307411 ;121643"; ...
1301711 1212771 ;1277771 ; 1350517 ; 347231 34047"; ...
1325351; 1314251 ; '33343');

P14=[142103"; 1433331 1517611140503 1771411 ;162677"; ...
1441031; 1451451 ; 1763031 ; 164457 ; 572311 164167"; ...
1601531 ;1557531 ; 167517°1 ;

P15=['100003";'102043"*;*110013*; *102067*; ' 104307*;*100317*; ...
*177775' ;11034511 ; 110075 ; *102061*; * 114725 ; ' 103251*; ...
'100021';100201°);

P16=['210013";*234313";'233303"; '307107"; '307527";'306357"; ...
1201735 ;1272201 ;1242413+; 12701551 ;302157 ;' 210205"; ...
13056671 ;1236107');

P17={'400011"; 1400017 ; '400431";1525251"; *410117'; 1400731*; ...

14113351 ;444257"; 1 600013"; 4035551 ; +525327 ; *411077"; ...
1400041 ;1400101'1;
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P18=["1000201"; *1000247"; ' 1002241"; * 1002441';'1100045*; ...
11000407¢ ;11003011 ;*1020121+; *1101005*; *1000077*; ...
*10013611; 11001567 ; * 1001727 ;' 1002777') ;

P19=['2000047" ; *2000641¢; '2001441'; *2000107" ; ' 2000077*; ...
12000157";'2000175* ; *2000257" ; *2000677" ; *2000737*; ...
12001557°; *2001637" ; * 2005775 ; * 2006677'3 ;

P20=['4000011*;'4001051"; *4004515"; *6000031"; '4442235'] ;

P21=[*10000005" ; * 10040205 * ; * 10020045 ; ' 10040315 ; * 10000635+ ; ...
*10103075"; * 10050335 ; * 10002135*; *17000075'] ;

P22=['20000003*; '20001043 " ; *22222223" ; ' 25200127" ; ' 20401207*; ...
120430607" ;1200702171 ;

P23=['40000041"; 140404041 ; *40000063" ; 140010061°;*50000241'; ...
140220151"; *400063417 ; 140405463 ; 1401032711 ; 141224445 ; ...
1404356511 ;

P24=['100000207"; '125245661"; * 113763063'1;

P25=['200000011";*200000017"; *204000051*;*200010031"'; ...
12004020171 ;12520012511 ;*201014171¢; *204204057"; ...
1200005535+ ; '200014731'1;

P26=['400000107" ; '430216473" ; 1402365755 ; 1426225667"; ...
15106643231 ; 14731675451 ;'4113355711];

P27=['1000000047" ; * 1001007071* ; ' 1020024171'; ' 1102210617"; ...
112500257571 ;1 1257242631" ; ' 1020560103 ; ' 1112225171*; ...
1103553024111 ;

P28=['2000000011";*2104210431"; *2000025051" ; ' 2020006031 ; ...
12002502115 ;2001601071']1;

P29=['4000000005" ; ' 4004004005 * ; *4000010205* ; *4010000045'; ...
144000000451 ; 14002200115 ; *64001040115*; 14004204435"; ...
14100060435 ; 14040003075 ; 1460040642751 ;

P30=[*10040000007"; * 10104264207 ;*10115131333*;'11362212703*; ...
¥10343244533'1;

P31=['20000000011"; ' 20000000017 ; * 200000204 11" ; *21042104211"; ...
120010010017 ; * 20005000251 ; *20004100071" ; * 20202040217 ; ...
120000200435 ; 120060140231 ; 1210421073571 ;

P32=['40020000007" ; '40460216667" ; *40035532523" ; *42003247143"; ...
141760427607'] ;

P33=[(*100000020001"; * 100020024001" ; ' 104000420001°; ...
1100020224401 ;111100021111 ; * 100000031463 ; ...
1104020466001 ; ' 100502430041 ; *100601431001*1;

P34=['201000000007" ; *201472024107*; *377000007527*; ...
1225213433257" ; 1227712240037 ;' 251132516577 ; ...
1211636220473 " ; 1 2000001400031 ;

P35=['400000000005'1;

P36=['1000000004001'1;

P37=1*2000000012005'];

P38=['4000000000143'1;

P39=['10000000000021'1;

P40=['20000012000005'1;

P61=['200000000000000000047"] ;

P89=[*400000000000000000000000000151¢] ;

for k=2:89
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K=rwm2str(k);
if exist(['P',K]l)==1,
eval(('global P',K])
% eval(L['P',K,'=oct2coef(P',K,");'])
end
end

clear k K

PRIM.M
This function calculates a primitive polynomial's coefficients in binary form.

function pol=prim(m,n,combine)

if nargin>1,
if any(size(m) =size(n)) | nargin>2,
[m, nl =meshgrid(m,n);
end
m=m(:);
n=n(:);
K=length(m);
pol=zeros(K,max(m));
for k=1:K
M=num2str(m(k));
N=num2str(n(k));
eval(['global P',M])
eval(['p=P' M, '(' N,",2);'])
pol(k, 1:m(k))=oct2coef(p);
end
else
pol=[1;
for k=1:length(m)
M=num2str{m(k));
eval(['global P' ,M])
eval(l'p=P' ,M,';:'])
pol=rows(pol,oct2coef(p));
end
end

OCT2COEF.M
Converts polynomial coefficients from octal to binary form.

function bin=oct2coef(oct)

Im1,m2)=size(oct);

oct=oct’;

oct=str2num(oct(:));
bin=zeros(3*m2,m1);
bin(:)=dec2bin(oct,3)*;
bin=fliplr({bin(1:3*m2-1,:))');
bin=[bin; zeros(1,3*m2-1)1;
bin=bin(1:m1, 1:max(find(sum(bin))));

MSEQ.M
Implements a linear feedback shift register to gererate m-sequences.

function [seq,fs,per,sml=mseq(p,n,is)

[m1,m2)=size(p);
if exist('n') =1, n=2"m2-1; end
if exist('is') =1, is=[ones(m1,1), zeros(m1,m2-1)]1; end
seq=zeros(m1,n);
sm=zeros(mi,m2*n);
per=zeros(m1,1);
s=is;
for k=1:n
seq(:,k)=s(:,m);
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if nargout>3, sm(:,(1:m2)+(k-1)*m2)=s; end
s=[rem((sum((s.*p)'))*,2) s(:,1:m2-N];
if nargout>2,
f=find(all((s==is8)"') & per'==0);
per(f)=k*ones(size(f));
end
end
fs=s;

GOLD.M
Implements a combination of two shift registers to generate Gold sequences.

function [seq,fs1,fs2,per,sml,sm2)=gold(p,N,n,isl,is2)

N=min(N,2 (size(p(1,:),2)));
pl=ones(N,1)*p(1,:);
p2=ones(N, 1)*p(2,:);
[m1,m2)=size(pl);
if exist('n')"=1, n=2"m2-1; end
if isempty(n), n=2"m2-1; end
if exist('is1')"=1, is1=[]; end
if isstr(is1),
[is1, is2]=goldinit(p(1,:),m1);
for i=1:ml,
phase=1+floor(((2°m2-1)-1)*rand);
[X,s1l=mseq(p1(i,:),phase,isi(i,:));
IX,82)=mseq(p2(i,:),phase, is2(i,:));
i81(i,:)=s81;
is2¢i,:)=s2;
end
elseif nargin<5,
Lis1,is2l=goldinit(p(1,:),m1);
end
seqg=zeros(m1,n);
if nargout>4,
sml=zeros(m1,m2*n);
sm2=zeros{ml,m2*n);
end
per=zeros(ml,1);
s1=is1;
82=i82;
for k=1:n
seq(:,k)=rem(s1(:,m2)+s2(:,m2),2);
if nargout>4,
sm1(:,(1:m2)+(k-1)*m2)=s1;
sme(:,(1:m2)+(k-1)*m2)=s2;
end
s1=[rem({sum((s1.*p1)'))",2) s1(:,1:m2-1)]1;
s2=[rem((sum((s2.*p2)"))",2) s2(:,1:m2-1)1;
if nargout>3,
f=find(all(([st1 s2)==[is1 is21)') & per'==0);
per(f)=k*ones(size(f));
end
end
fs1=s1;
fs2=s2;

GOLDINIT.M
Calculates initial conditions of shift registers for Gold sequences.

function [is1,is2]=goldinit(p,N)

L=length(p);

p=[1 pl;

9=p;

k=L+1:-2:1;

g(k)=zeros(size(k));

is1=zeros(N,L);

for i=1:L
is1(:,L-i+1)=ones(N,1)*g(i);
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g=[rem(g(i)*p+g,2) 01;
p=00 p};
end
is2=dec2bin((0:N-1)',L);

BGOLD.M
Finds balanced Gold codes.

function [seq,fs1,fs2,per,smi,sm2]=bgold(p,N,n,is)

N=min(N,2 (size(p(1,:),2)-1));
if exist('n') =1, n=[1; end
if exist('is') =1, is=[]; end
a=2;
k=01;
while length(k)<N,
a=a+1;
if a3, a, end
if nargout>4,
[seq, fs1,fs2,per,smi, sm2}=gold(p,a*N,n,is);
else
{seq, fs1,fs2,perl=gold(p,a*N,n, is);

k=f ind(mean(seq')==mean(seq(1,:)));
end
k=k(1:N);
seg=seq(k,:);
fs1=fsi(k,:);
fs2=fs2(k,:);
per=per(k,:);
if nargout>4,

smi=smi(k,:);

sm2=sm2(k,:);
end

FGOLD.M
Finds appropriate (preferred) polynomials for Gold codes and saves
results in M-files.

function [seq,fs1,fs2,per)=fgold(deg,N,n,is)

quote=setstr(39);
DEG=num2str(deg);
eval ( ['ready=(exist(',quote, 'code',DEG, ! .mat*,quote, *)==2);'1)
if ready & “isstr(deg),

eval(['load code’,DEG])
else

if isstr(deg), DEG=deg; deg=str2num(deg);

else DEG=num2str(deg);

end

prefpol=L 5 1 3

o~
- =
cownnN

11 115;

13 115

1% 1151];
k=find(prefpol(:,1)==deg);
p=prim(deg,prefpol(k, [2 31));
if exist(’N')"=1, N=128; end
if isempty(N), N=128; end
if exist('n')"=1, n=[1; end
if exist('is')"=1, is=[1; end
(seq, fs1,fs2,perl=bgold(p,N,n, is);
eval([*save code',DEG,' seq fs1 fs2 per!])

end

0 15;
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CORRM
Finds auto- or cross-correlation function of PN sequences.

function [c,olagl=corr(s,lag,M,shift,even)

[m1,m2)=size(s);
if exist('lag') =1, lag=-(m2+2):(m2+2); end
if isempty(lag), lag=-(m2+2):(m2+2); end
if exist('M')"=1, M=m2; end
if isempty(M), M=m2; end
if exist('shift')"=1, shift=0; end
if isempty(shift), shift=0; end
if exist(‘even') =1, even=1; end
if M==m2,
if even, [c,olagl=evencorr(s,lag);
else [c,olagl=oddcorr(s, lag);
end
else
s=1-2%g;
x=8(1,:);
if m1==2, y=s8(2,:); else y=x; end
lag=lag(:);
c=zeros(1, length(lag));
M=min(M,m2);
for m=1:length(lag)
kx=mod((1:M)-shift-1,m2)+1;
ky=mod((1:M)+lag(m)-shift-1,m2)+1;
c(m)=sum(x(kx).*y(ky));
end
=c/M;
olag=lag';

EVENCORR.M
Finds even cross-correlation function of PN sequences.

function [c,olagl=evencorr(s,lag)

s=1-2%s;

{m1,m2)=size(s);

x=s(1,:);

if mi==2, y=s(2,:); else y=x; end
if exist('lag') =1, lag=-(m2+42):(m2+2); end
lag=lag(:);

c=[0 xcorr(x,y,'coeff')];
m=Length(c)/2;
c=c(1:m)+c(m+1:2*m);
c=c(mod(lag,m2)+1);

olag=lag';

ODDCORR.M
Finds odd cross-correlation function of PN sequences.

function [c,olagl=oddcorr(s,lag)

s=1-2%s;

[m1,m2)=size(s);

x=8(1,:);

if mi==2, y=8(2,:); else y=x; end
if exist('lag')"=1, lag=-(m2+2):(m2+2); end
lag=lag(:);

c=[0 xcorr(x,y,'coeff')];
m=length{c)/2;
=c(1:m)-c(m+1:2*m);

=c(mod( lag,m2)+1);
olag=lag’;
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APPENDIX B

Single-Cell BPSK DS-CDMA System Simulation

BPSKTRAN.M
Implements DS-BPSK transmitter.

function [t,d,pn,dp,sl=bpsktran(data,seq, fo,theta,fs, k,PG,P)

[d1,d2)=size(data);
[s1,s2]=size(seq);
To=floor(fs/fo);

Tc=k*To;

t=((1:d2*PG*Tc)-1)/fs;
d=rect(data,PG*Tc);
seq=repeat(seq,ceil(d2*PG/s2));
seq=seq(1:d2*PG);
pn=rect(seq,Tc);

dp=pn.*d;
s=dp.*(sqrt(2*P)*cos(2*pi*fo*t+theta));

BPSKREC.M
Implements DS-BPSK receiver.

function [data,out,rc,car,rp,pnl= ...
bpskrec(r,seq, fo, theta, fs, k,PG)

[r1,r2l=size(r);
[s1,s2)=size(seq);
To=floor(fs/fo);

Tc=k*To;

bits=floor(r2/(PG*Tc));
t=((1:r2)-1)/fs;
seq=repeat(seq,ceil(bits*PG/s2));
seq=seq(1:bits*PG);
pn=rect(seq,Tc);

rp=r.*pn;
car=cos(2*pi*fo*t+theta);
rc=rp.*car;
out=mean(reshape(rc',PG*Tc,bits*s1));
out=reshape(out,bits,s1)’;
data=zout<0;

BPSK.M
Implements DS-BPSK CDMA system.

function [ber,rec,Sout,Nout]= ...
bpsk(ib, tran,seq,del, fo, theta, fs,k,PG,P,SNR, fil, graph)

% Main Parameters

if nargin<13, graph={]; end
[M,bitsl=size(tran);
To=floor(fs/fo);

Tc=k*To;

Tbi t=PG*Tc;

del(1)=Tbit;

fc=fo/k;
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% Transmiter & Receiver Filter Design
[Bt,At,deltl=txfil(fo,fc, fs, fil);
%[Br,Ar, delri=rxfil(fc,PG,fs,fil);

% ldeal Output (No Noise or Interference)
[t.d,pn,dp,s1)=bpsktran(tran(1,:),seq(1,:), fo, theta(1),fs k,PG,P);
sfil1=filterd(Bt,At,s1,0,fil);
rfill=fliplr(filterd(Bt At, fliptr(sfil1),0,fil));
[rec1,Sout]l=bpskrec(rfil1,seq(1,:),fo,theta(1), fs, k,PG);

% Initialisation
s=zeros(1,bits*Tbit);
ber=zeros(M,1);
rec=zeros(M,bits);
Nout=zeros(M,bits);

% Main Loop
for i=1:M,

X Transmiter

[t,d,pn,dp,sil=bpsktran([ib(i) tran(i,:)], ...
seq(i,:), fo,theta(i),fs, k,PG,P);

si=si(del (i)+(1:bits*Tbit));

s_old=s;

g=s+si;

%X Transmiter Filter
sfil=filterd(Bt,At,s,0,fil);

% Thermal Noise
n=randn(size(s));
n=n/std(n)*sqrt(P)*10°(-SNR/20);
r=gfil+n;

X Receiver Filter
rfil=fliplr(filterd(Bt, At, fliplr(r),0,fil));

% Receiver

[rec(i,:),Nout(i,:),rc, car,rp,pnl= ...
bpskrec(rfil,seq(1,:), fo,theta(1),fs, k,PG);

Nout(i,:)=Nout(i,:)-Sout;

X Bit Error Rate
ber(i)=sum(sum(rec(i,:) " =tran(1,:)))/bits;
diary on

disp([i ber(i)l)

diary off

X Plots
if graph,
figure(1)
w=(1:Tc*10)+Tc*0;
subplot(511)
plot(t(w),s_old(w))
title('Direct Sequence BPSK CDMA System (Transmitter)')
ylabel(‘'Old s(t)')
grid
subplot(512)
plot(t(w),si(u))
ylabel(['s',num2str(i),*(t)'])
grid
subplot(513)
plot{t(w),s(w))
ylabel('New s(t)')
grid
subplot(514)
plot(t(w),sfil(w))
ylabel('sfil(t)')
grid
subplot(515)
plot(t(w),r(w))
xlabel('t (msec)')
ylabel('r(t)")
grid
figure(2)
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subplot(511)
plot(t(w),rfil(w))
title('Direct Sequence BPSK CDMA System (Receiver)')
ylabel('rfil(t)')
grid
subplot(512)
plot{t(w),pn(w))
ylabel('pn(t)')
v=axis;
V(I3 41)=[-1.2 1.2);
axis(V);
grid
subplot(513)
plot(t(w),rp(w))
ylabel('rp(t)*)
grid
subplot(514)
plot(t(w), car(w))
ylabel('carrier')
grid
subplot(515)
plot(t(w),re(w))
xtabel('t (msec)')
ylabel('re(t)*)
grid

if bits>1,
figure(3)
w=1:10:Tbi t*min(bits,5);
plot(t(w),rc(w))
title('Direct Sequence BPSK CDMA System (Receiver)')
xlabel('t (msec)')
ylabet('re(t)")
grid

end

figure(1)

pause

end
end

BPSKTEST.M
Tests the DS-BPSK CDMA system and saves simulation results.

% Main Parameters
M=64;
N=500;
bits=20;
code=7;
fo=20;
f8=20*fo;
k=2;
pP=1/2;
SNR=0;
fil=0;
graph=0;

X Constants

M=min(M,2" (code-1));

eval (['load code',num2str(code)])
PG=length(seq);

To=floor(fs/fo);

Tc=k*To;

Tbit=PG*Tc;

savename="bpsk';

if fil, savename={savename,'f']; end

% Initialisation
if exist(['r', savename,".mat'])==2,
eval(['load r*,savename] )
else
K=0;
SumBER=zeros(M,1);
SumsS=0;
SumN=zeros(M,1);
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SumN2=zeros(M,1);
end

eval(['diary o', savename] )
diary off

% Main Loop

for i=1:N
diary on
disp(['Iteration *',num2str(i)l)
disp(['Total Number of Bits: ' ,numstr(K)])
diary off
K=K+bits;

% Random Delays & Carrier Phases of Users
del=floor(Tbit*rand(M, 1))+1;

del(1)=Tbit;

theta=2*pi*rand(M,1);

X Random Codes
X,Cl=sort(rand(size(seq,1),1));
C=C(1:M);

% Random Inputs
ib=round(rand(M,1));
tran=round(rand(M,bits));

X BPSK Simulation
[BERi,rec,Si,Nil=bpsk(ib, tran,seq(C,:), ...
del, fo,theta,fs, k,PG,P,SNR,fil,graph);

% Accunulation of Results
SumBER=SUmBER+BERi*bits;
SumS=SumS+sum(abs(Si)')’;
SumN=SumN+sum(Ni‘*)*;
SumN2=SumN2+sum((Ni."2)')"';

eval([‘save r',savename,' SumBER SumS SumN SumN2 K PG SNR'])
end

REPEAT.M
Produces a large matrix that contains many copies of a smaller one.

function s=repeat(seq,n)

if exist('n') =1, n=100; end
[m1,m2)=size(seq);
s=seq(:)*ones(1,n);

$=8(:);
s=reshape(s,m1,n*m2);

RECT.M

Produces a rectangular waveform from a binary sequence.
function s=rect(seq,n)

if exist('n')"=1, n=100; end

Im1,m2l=size(seq);

seq=seq';

s=(1-(seq(:)*2)*ones(1,n))"*;

8=8(:);

s=reshape(s,n*m2,m1)*;

TXFIL.M
Finds transmitter filter coefficients.

function [B,A,delayl=txfil(fo,fc,fs, fil)
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if fil,
F1=(fo-fc/2)/fs;
F2=(fo+fc/2)/fs;
[B,Al=ellip(6,0.1,60,2*[F1 F2]);
delay=61;

else
B=[1;
A=[1;
delay=1[};

end

RXFILM
Finds receiver filter coefficients.

function [B,A,delayl=rxfil(fc,PG,fs,fil)

if fil,
F=(fc/PG)/fs;
[B,Al=ellip(4,0.1,60,2*F);
[f,mag,maglog, phase,delayl=response(B,A,2, [0 fc/PG}/fs,0);
k=find(f<(fc/(2*PG))/fs);
% delay=round(min{delay(k)));
delay=2050;
else
B=0];
A=0]1;
delay=I[];
end

FILTERD.M
Filters a signal and introduces a delay.

function sfil=filterd(B,A,s,del,fil)

if fil,
sfil=Ffilter(B,A, [s zeros(1,del)]);
sfil=sfil(del+1:length(sfil));
else
sfil=s;
end

XBPSKER.M
Loads and illustrates the results of the BPSK system simulation.

function [Nu,BER,SNIRexp,SNIRth, SNIRth2,PEexp, PEth, PEth2]=Xbpsker(fil)

% Load Results

if nargin<1, fil=0; end
savename="bpsk*;

if fil, savename=[savename,'f']; end
eval(['load r',savename] )

% Determine Nu Axis Range
BER=(SumBER/K)';

%Nu=max( find(BER<1e-5)):iength(SumBER');
Nu=20: Length(SUmBER");

BER=BER(Nu);

% Bit-Error-Rate Curve
SNIRexp=((SumS/K)."2)./¢(SumN2(Nu)- (SumN(Nu)). “2/K)/(K-1))*;
SNIRth=1./((Nu-1)/(3*PG)+10"(-SNR/10)/(2*PG));
SNIRth2=2*PG./((Nu-1)+10"(-SNR/10));

PEexp=tail (sqrt(SNIRexp));

PEth=tail(sqrt(SNIRth));

PEth2=tail(sqrt(SNIRth2));

figure(1)
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subplot

semi logy(Nu,PEexp, 'y',Nu,PEth, 'm--*,Nu,PEth2, 'g--?,Nu,BER, 'c')
grid

title('Bit Error Rate for BPSK-DS-CDMA System')

xlabel('No. of users')

ylabel ('BER')

X BER vs. EUE Curve

EUEth=SNIRth2/2;

figure(2)

subplot

semi Logy(num2db(EUEth),BER, 'y', mum2db(EUEth) ,PEth, 'm--', ...
num2db(EUEth),PEth2, 'g--')

grid

title(*BER vs. Eb/lo for BPSK-DS-CDMA System')

xlabel ('Eb/Io (dB)')

ylabel('BER')

% Signal to NoisetInterference Ratio Curve

%figure(3)

Xsubplot

%semi logy(Nu,SNIRexp, 'y',Nu,SNIRth, 'm--* ,Nu,SNIRth2, *g--')

%axis¢ [min(Nu) max(Nu) 0.6*min(SNIRth2) 1.2*max(SNIRth)}])

Xgrid

%title('Signal to Noise+tInterference Ratio for BPSK-DS-COMA System')
%xlabel('No. of users')

Xylabel ('SNIR')

figure(1)
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APPENDIX C

Single-Cell QPSK DS-CDMA System Simulation

QPSKTRAN.M
Implements DS-QPSK transmitter.

function [t,dc,ds,pn,dpc,dps,s]=qpsktran(data,seq,fo,theta,fs, k,PG,P)

[d1,d2]1=size(data);

ts1,s2]1=size(seq);

To=floor(fs/fo);

Tc=k*To;

symbols=d2/2;
t=((1:8ymbols*PG*Tc)-1)/fs;
dc=rect(data(:,1:2:d2-1),PG*Tc);
ds=rect(data(:,2:2:d2),PG*Tc);
seq=repeat(seq,ceil(symbols*PG/s2));
seg=seq(1:symbols*PG);

pn=rect(seq,Tc);

dpc=pn.*dc;

dps=pn.*ds;
sc=dpc.*(sqrt(P)*cos(2*pi*fo*t+theta));
ss=dps.*(sqrt(P)*sin(2*pi*fo*t+theta));
$=SC+SS;

QPSKREC.M
Implements DS-QPSK receiver.

function [data,outc,outs,rcc,rcs,carc,cars,rp,pnl= ...
qpskrec(r,seq, fo, theta, fs, k,PG)

[r1,r2l=size(r);

[s1,s2)=size(seq);

To=floor(fs/fo);

Tc=k*To;

symbols=floor(r2/(PG*Tc));
t=((1:r2)-1)/fs;
seq=repeat(seq,ceil(symbols*PG/s2));
seq=seq(1:symbols*PG);
pn=rect(seq,Tc);

rp=r.*pn;

carc=cos(2*pi*fo*t+theta);
cars=sin(2*pi*fo*t+theta);
rcc=rp.*carc;

rcs=rp.*cers;
outc=mean(reshape(rcc',PG*Tc,symbols*s1));
outc=reshape(outc,symbols,s1)';
outs=mean(reshape(rcs',PG*Tc,symbols*s1));
outs=reshape(outs,symbols,s1)*;
bits=2*symbols;
data(:,1:2:bits-1)=outc<0;
data(:,2:2:bits)=outs<0;

QPSK.M
Implements DS-QPSK CDMA system.
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function [ber,rec,Sc,Ss,Nc,Nsl= ...
qpsk(ib, tran,seq,del , fo,theta, fs, k,PG,P,SNR, fil,graph)

% Main Parameters

if nargin<13, graph=[1; end
M, bits}=size(tran);
symbols=bits/2;
To=floor(fs/fo);

Tc=k*To;

Tsymb=PG*Tc;

del(1)=Tsymb;

fe=fo/k;

% Transmiter & Receiver Filter Design
[Bt,At,deltl=txfil(fo,fc,fs,fil);
%[Br,Ar,delrl=rxfil(fc,PG, fs, fil);

% ldeal Output (No Noise or Interference)
[t,dc,ds,pn,dpc,dps,s1]= ...
gpsktran(tran(1,:),seq(1,:), fo, theta(1), fs, k,PG,P);
sfill=filterd(Bt,At,s1,0,fil);
rfil1=fliplr(filterd(Bt, At fliplr(sfil1),0,fil));
[rec1,Sc,Ss1=qpskrec(rfil1,seq(1,:),fo,theta(1),fs, k,PG);

% Initialisation
s=zeros(1,symbols*Tsymb);
ber=zeros(M,1);
rec=zeros(M,bits);
Nc=zeros(M,symbols);
Ns=zeros(M,symbols);

% Main Loop
for i=1:M,

% Transmiter

{t,dc,ds,pn,dpc,dps,sil=gpsktran(Iib(i,:) tran(i, )], ...
seq(i,:),fo,theta(i),fs, k,PG,P);

si=si(del(i)+(1:symbols*Tsymb));

s_old=s;

s=s+si;

% Transmiter Filter
sfil=filterd(Bt,At,s,0,fil);

% Thermal Noise
n=randn(size(s));
n=n/std(n)*sqrt(P)*10°(-SNR/20);
r=sfil+n;

% Receiver Filter
rfil=fliplr(filterd(Bt, At, fliplr(r),0,fil));

% Receiver

[rec(i,:),Nc(i, ), Ns(i,:),rcc,rcs, carc,cars,rp,pnl= ...
qpskrec(rfil,seq(1,:), fo,theta(1),fs, k,PG);

Nc(i,:)=Nc(i,:)-Sc;

Ns(i,:)=Ns(i, :)-Ss;

% Bit Error Rate

ber(i)=sum(sum(rec(i,:) =tran(1,:)))/bits;
diary on

disp([i ber(i)l)

diary off

X Plots
if graph,
figure(1)
w=(1:Tc*10)+Tc*0;
subplot(511)
plot(tiw),s_old(w))
title('Direct Sequence BPSK CDMA System (Transmitter)')
ylabel(‘old s(t)')
grid
subplot(512)
plot(t(w),si(uw))
ylabel(['s!, num2str(i),'(t)'])
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grid
subplot(513)
plot(t(w),s(w))
ylabel('New 8(t)')
grid
subplot(514)
plot(t(w),sfil(w))
ylabel('sfil(t)')
grid
subplot(515)
plot{t(w),r(w))
xlabel('t (msec)')
ylabel('r(t)*)
grid

figure(2)
subplot(511)
plot(t(w),rfil(w))
title('Direct Sequence BPSK CDMA System (Receiver)')
ylabel('rfil(t)*)
grid
subplot(512)
plot(t(w),pn(w))
ylabel ('pn(t)')
V=axis;
V(I3 41)=(-1.2 1.2];
axis(V);
grid
subplot(513)
plot(t(w), rp(w))
ylabel('rp(t)')
grid
subplot(514)
plot(t(w),carc(w))
ylabel('cosine!)
grid
subplot(515)
plot{t(w), rcc(w))
xlabel('t (msec)')
ylabel('rcc(t)')
grid

if symbols>1,
figure(3)
w=1:Tsymb*min(symbols,5);
plot(t(w),rcc(w))
title('Direct Sequence BPSK CDMA System (Receiver)')
ylabel('rce(t)*)
grid

end

figure(1)

pause

end
end

QPSKTEST.M
Tests the DS-QPSK CDMA system and saves simulation results.

% Main Parameters
M=64;

N=500;

symbols=20;

code=7;

fo=20;

fs=20%*fo;

k=2;

P=1/2;

SNR=0;

fit=1;

graph=0;

% Constants
bits=2*symbols;
M=min(M,2"(code-1));
eval(['load code',num2str(code)])
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PG=length(seq);

To=floor(fs/fo);

Te=k*To;

Tsymb=PG*Tc;

savename='qgpsk!;

if fil, savename=[savename,'f']; end

% Initialisation

if exist(['r!', savename,'.mat?)==2,
eval(['load r',savename] )

else
K=0;
SumBER=zeros(M,1);
sumsc=0;
SumNc=zeros(M,1);
Sumic2=zeros(M,1);
sumSs=0;
SunNs=zeros(M,1);
SumNs2=zeros(M,1);

end

eval(['diary o', savename])
diary off

% Main Loop

for i=1:N
diary on
disp(['Iteration ',num2str(i)l)
disp(['Total Number of Bits: ',mm2str(K)1)
diary off
K=K+bits;

% Random Delays & Carrier Phases of Users
del=floor(Tsymb*rand(M,1))+1;

del (1)=Tsymb;

theta=2*pi*rand(M,1);

% Random Codes
[X,Cl=sort(rand(size(seq,1),1));
=C(1:M);

% Random Inputs
ib=round(rand(M,2));
tran=round(rand(M,bits));

% BPSK Simulation
[BERi,rec,Sci,Ssi,Nci, Nsil=gpsk(ib,tran,seq(C,:), ...
del, fo, theta, fs, k,PG,P,SNR, fil ,graph);

% Accumulation of Results
SumBER=SUmBER+BERi*bits;
SumSc=sum( [SumSc abs(Sci)l')*;
SumNc=sum( [SumNc Ncil')®;
SumNc2=sum( [SumNc2 Nci."21')';
SumSs=sum( [SumSs abs(Ssi)]')*;
SumNs=sum( [SumNs Nsil')';
SumNs2=sum( [SumNs2 Nsi."2]')';

eval(['save r',savename, ...
' SumBER SumSc SumNc SumNc2 SumSs SumNs SumNs2 K PG SNR'1)
end

XQPSKER.M
Loads and illustrates the results of the QPSK system simulation.

function [Nu,BER,SNIRcexp,SNIRsexp,SNIRth,SNIRth2, ...
PEcexp,PEsexp, PEth,PEth21=Xgpsker(fil)

% Load Results

if nargin<1, fil=0; end
savename='qpsk’;

if fil, savename=[savename,'f']; end
eval(['load r',savenamel] )
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% Determine Nu Axis Range
BER=(SUmBER/K)';

%Nu=max( find(BER<1e-5)):length(SumBER');
Nu=10: length(SumBER');

BER=BER(Nu);

L=K/2;

% Bit-Error-Rate Curve

SNIRcexp=((SumSc/L). 2)./((SumNc2(Nu)- (SumNc(Nu)). 2/L)/(L-1))!;
SNIRsexp=((SumSs/L). 2)./( (SumNs2(Nu)- (SumNs(Nu))."2/L)/(L-1))';
SNIRth=1./(2*(Nu-1)/(3*PG)+10"(-SNR/10)/(2*PG));
SNIRth2=2*PG./(2*(Nu-1)+10"(-SNR/10));
PEexp=(1-tail(-sqrt(SNIRcexp)).*tail(-sqrt(SNIRsexp)))/2;
PEth=tail(sqrt(SNIRth))-0.5*tail(sqrt(SNIRth)). 2;
PEth2=tail(sqrt(SNIRth2))-0.5*tail(sqrt(SNIRth2))."2;

figure(1)

subplot

semi Logy(Nu,PEexp, 'y ,Nu,PEth, 'm--* Nu,PEth2, 'g--',Nu,BER, 'c')
grid

title('Bit Error Rate for QPSK-DS-CDMA System')

xlabel('No. of users')

ylabel ('BER')

X BER vs. SNIR Curve

EUEth=SNIRth2/2;

figure(2)

subplot

semi Logy(num2db(EUEth),BER, 'y’ ,num2db(EUEth) ,PEth, 'm--', ...
num2db(EUEth) ,PEth2,'g--")

grid

title('BER vs. Eb/lo for QPSK-DS-CDMA System')

xlabel(*Eb/1o (dB)')

ylabel (*BER')

% Signal to NoisetInterference Ratio Curve

Xfigure(3)

Xsubplot

%semi Logy(Nu, SNIRcexp, 'y*,Nu,SNIRsexp, 'y:',Nu,SNIRth, 'm--' ,Nu,SNIRth2,'g--"')
Xaxis( [min(Nu) max(Nu) 0.6*min(SNIRth2) 1.2*max(SNIRth)])

Xgrid

%title('Signal to Noise+Interference Ratio for QPSK-DS-CDMA System')
%xlabel('No. of users')

Xylabel ('SNIR?)

figure(1)
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APPENDIX D

Multiple-Cell CDMA System Simulation: Reverse Link

TRAN.M
Co-ordinate transformation.

function [X,Yl=tran(x,y)
X=x-y/2;
Y=y*sqrt(3)/2;

end

INVTRAN.M
Inverse co-ordinate transformation.

function I[x,yl=invtran(X,Y)
a=sqrt(3);
x=X+Y/a;
y=Y*2/a;

end

CELLM
Determines the co-ordinates of the nearest cell centre.

function [xm,yml=cell(x,y);

if max(size(x))>1 & max(size(y))==1, y=y*ones(size(x)); end
if max(size(y))>1 & max(size(x))==1, x=x*ones(size(y)); end
k=find(x==0 & y==0);
x(k)=x(k)+1.5;
xm=floor(x);
yw=floor(y);
a=mod(xm+ym,3);
xf=x-xm;
yfzy-ym;
k=find(a==1 | (a==2 & xf>=yf));
xm(k)=xm(k)+1;
k=find(a==1 | (a==2 & xf<yf));
ym(k)=ym(k)+1;
k=find(xm==0 & ym==0);
if k™=I1,
r=sqrt(x. “2+y. "2-x.*y);
x(k)=x¢k)*1.5 ./ r(k);
y(k)=y(k)*1.5 ./ r(k);
[xm(k),ym(k)I=cel L(x(k),y(k));
end

end

FMEAN.M
Integrand that corresponds to the mean of interference-to-signal ratio.

function f=fmean(x,y,R)
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if nargin<3, R=1000; end

if min(size(x))==1 & min(size(y))==1, [x,yl=meshgrid(x,y); end
[xa,xbl=size(x);

b=10g(10)/10;

sigma=8;

s=sqrt(2)*sigma;

e=exp((sigma*b)2);

[xm,yml=cel l(x,y);

rm=sqre (X-xm) . “2+(y-ym). “2-(x-xm) . *(y-ym));
rO=sqrt(x. 2+y. 2-x.*y);
rat=max(rm,1/R)./max(r0,1/R);
f=tail(40*log10(rat)/s+s*b) .* rat."4 * e;

end

FMEAN1L.M
Performs first integration of function FMEAN.

function f=fmeani(y)

diary on
f=int8("'fmean',0,100,1e-6,0,Y)
diary off

end

IMEAN.M
Performs second integration of function FMEAN and saves results.

diary omean

diary off

a=3/8;
[1,cnt)=int8( ' fmeant®,0,100,1e-6,0);
E=a*l;

save rmean

diary on

disp(*END')

diary off

FVARM
Integrand that corresponds to the variance of interference-to-signal ratio.

function f=fvar(x,y,R)

if nargin<3, R=1000; end

if min(size(x))==1 & min(size(y))==1, [x,yl=meshgrid(x,y); end
[xa,xbl=size(x);

a=3/8;

b=log(10)/10;

sigma=8;

=sqrt(2)*sigma;

e=exp(2*(sigma*b)“2);

[xm,ym}=cel l(X,Y);
rm=sqrt((X-xm). "2+(y-ym). “2-(x-xm) . *(y-ym));
rOssqrt(x.“2+y. 2-x.%y);

rat=max(rm, 1/R)./max{r0,1/R);
A=40*l0og10(rat)/s+s*b;

fze * rat."8 .* (e*tail(A+s*b) - a*(tail(A))."2);

end

FVARLM
Performs first integration of function FVAR.
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function f=fvari(y)

diary on
f=int8(' fvar',0,50,1e-6,0,y)
diary off

end

IVARM
Performs second integration of function FVAR and saves results.

diary ovar

diary off

a=3/8;
[I,cntl=int8(*fvar1',0,50,1e-6,0);
V=a*l;

save rvar

diary on

disp('END')

diary off

INTS.M
Numerical integration. Based on built-in MATLAB function QUADS,
with some changes so that it can handle vector as well as scalar functions.

function [@,cnt] = int8(funfcn,a,b,tol,trace,pl,p2,p3,p4,p5,p6,pP7,P8,pP9)

%UAD8 Numerical evaluation of an integral, higher order method.

b3 Q = QUADS('F',A,B) approximates the integral of F(X) from A

to B to within a relative error of 1e-3. 'F' is a string

containing the name of the function. The function must return

a vector of output values if given a vector of input values.

Q = QUADS(F,A,B,TOL) integrates to a relative error of TOL.

Q = Inf is returned if an excessive recursion level is reached,
indicating a possibly singular integral.

Q = QUADS(F,A,B,TOL,TRACE) integrates to a relative error of TOL and
traces the function evaluations with a point plot of the integrand.

QUAD8 uses an adaptive recursive Newton Cotes 8 panel rule.

Q@ = QUADS('F',A,B,TOL,TRACE,P1,P2,...) allows coefficients P1, P2, ...

to be passed directly to function F: G = F(X,P1,P2,...).

To use default values for TOL or TRACE, you may pass in the empty matrix ([1).
See also QUAD.

X
X
x
%
%X
%
x
x
%
%
%
%
p
%
b3 Cleve Moler, 5-08-88.

% Copyright (c) 1984-94 by The MathWorks, Inc.
%

{Q,cnt] = quad8(F,a,b,tol) also returns a function evaluation count.

if nargin < 4, tol = 1.e-3; trace = 0; end

if nargin < 5, trace = 0; end

if isempty(tol), tol = 1.e-3; end

if isempty(trace), trace = 0; end

% QUAD8 usually does better than the default 1e-3.

h=b- a;

% Top level initialization, Newton-Cotes weights

w = [3956 23552 -3712 41984 -18160 41984 -3712 23552 3956)/14175;
X = a + (0:8)*(b-a)/8;

%y = feval (funfcn,x);
% set up function call
args = '(x';
argsl = [1;
for n = 1:nargin-5
argsl = [args1,',p',int2str(n)];

args1 = [args1,')'];

args = [args argsil;
y = eval([funfcn,argsl);
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yllow = min([min(real(y)) min(imag(y))1);
ylhi = max(max(real(y)) max(imag(y))]1);
Lims = [min(x) max(x) yllow ylhil;
ind = find("finite(lims));
if “isempty(ind)
mind,nindl = size(ind);
lims(ind) = 1.e30*(-ones(mind,nind) .” rem(ind,2));
end
if trace
axis(lims);
% doesn't take care of complex case
plot([a bl, [real(y(1,1)) real(y(1,911,'."), hold on
if any(imag(y))
plot([a bl, [imag(y(1,1)) imag(y(1,92)1,'+")
end
end
lev = 1;

% Adaptive, recursive Newton-Cotes 8 panel quadrature
if any(any(imag(y)))
Q0 = 1e30;
else
Q0 = inf;
end
[Q,cnt] = eval(['int8stp(funfcn,a,b,tol,lev,w,x,y,a0,trace’, argstl);
cnt = cnt + 9;
if trace
hold off
axis('auto');
end

INT8STP.M
Used by INTS. This function is also based on the built-in MATLAB
function QUADSSTP.

function [Q,cnt] = int8stp(FunFen,a,b,tol,lev,w,x0,f0,Q0,trace,p1,p2, ...

PSIP41P5196:P71P85P9)
%QUADBSTP Recursive function used by QUADS.

% [Q,cnt] = quad8stp(F,a,b,tol,lev,w,f,Q0) tries to approximate

4 the integral of f(x) from a to b to within a relative error of tol.
X F is a string containing the name of f. The remaining arguments are
% generated by quad8 or by the recursion. lev is the recursion level.
b 4 W is the weights in the 8 panel Newton Cotes formula.

b4 x0 is a vector of 9 equally spaced abscissa is the interval.

% f0 is a vector of the 9 function values at x.

% Q0 is an approximate value of the integral.

% See also QUADS and QUAD.

% Cleve Moler, 5-08-88.

X Copyright (c) 1984-94 by The MathWorks, Inc.

LEVMAX = 10;

argsl = [1;
for n = 1:nargin-10
argst = [argsi,',p',int2str(n)];

args1 = {args1,')'];

% Evaluate function at midpoints of left and right half intervals.
x = zeros(1,17);
[fa, fbl=size(f0);
f = zeros(fa,17);
x(1:2:17) = x0;
£(:,1:2:17) = §0;
x(2:2:16) = (x0(1:8) + x0(2:9))/2;
%f(2:2:16) = feval (FunFcn,x(2:2:16));
f(:,2:2:16) = eval([FunFen,'(x(2:2:16)',args1]);
if trace
plot(x(2:2:16),¥(1,2:2:16),'.");
if any(any(imag(f)))
plot(x(2:2:16),imag(f(1,2:2:16)),'+');
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end
cnt = 8;

% Integrate over half intervals.
h = (b-a)/16;

Q1 = h*w*f(:,1:9).';

Q2 = h*w*f(:,9:17).';

Q=Q1 + Q2;

% Recursively refine approximations.
if any(abs(Q - Q0) > tol*abs(Q)) & lev <= LEVMAX
c = (a+b)/2;
[a1,cnt1] = eval([*int8stp(FunFcn,a,c,tol/2, lev+1,uW,x(1:9), ...
£(:,1:9),Q1,trace! ,args1l);
[02,cnt2] = eval(['int8stp(Funfcn,c,b,tol/2, lev+l, W, x(9:17), ...
f¢:,9:17),Q2, trace! ,argsil);
% [Q1,cnt1] = int8stp(FunFcn,a,c,tol/2, lev+l,w,x(1:9),(1:9),01,trace);
% [Q2,cnt2] = int8stp(FunFen,c,b,tol/2, lev+l, W, x(9:17),1(9:17),02, trace);
Q= Q1 + Q2;
cnt = cnt + cntl + cnt?2;
end

PDFIL.M
Monte-Carlo simulation for reverse link.

function [x,pdf,l,fl=pdfi(d,xmax,M,bins)

% Main Parameters
R=1000;

sigma=8;
s=sqrt(2)*sigma;
a=3/8;

X Define Grid
x=0:d:xmax-d;
y=0:d: xmax-d;
[x,yl=meshgrid(x,y);

X Find Cell Centers
[xm, yml =cel L(x,y);

% Distances from Cell Centers & from Origin
rm=sqrt((x-xm) . “2+(y-ym). “2-(x-xm) . *(y-ym));
rO=sqrt(x. 2+y. 2-x.*y);

% Ratio of the 2 Distances
rat4é=(max(rm,1/R)./max(r0,1/R))."4;
raté=raté(:)';

N=length(raté4);

% Initialisation
f=zeros(1,M);

% Main Loop
for j=1:M

% Voice activity RV
psi=(rand(1,N)<a);

% Shadowing RV
shad=(10"(s/10)). "randn(1,N);

X Integrand
f(j)=sum(psi .* raté .* shad .* (rat4é .* shad<=1));

% Display Current Step (every 10 steps)
if mod(j,10)==0,

diary on

disp()),

diary off
end

end
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X Find Histogram
Ll=length(f);
[n,x1=hist(f,bins);
pdf=n/(L*(x(2)-x(1)));

RUNPDFLM
Used to pass appropriate parameters to PDFI and save simulation results.

% Runpdfi.m

X Main Parameters
bins=40;

d=.1;

xmax=20;

M=10000;

% output to file 'opdfi'
diary opdfi
diary off

% Run Simulation
[x,pdf, l, fnewl =pdfi(d, xmax,M,bins);

X Save Results

if exist('rpdfi.mat?)==2,
load rpdfi
f=[f fnewl;
l=length(f);
In,x1=hist(f,bins);
pdf=n/(L*(x(2)-x(1)));

else
f=fnew;

end

save rpdfi x pdf | fd

CAPM
Finds reverse link performance as a function of the number of users.
Used to evaluate reverse link capacity.

function C=cap(Ns,m,s2,ld);

% Define Load
if nargin<t, ld=1; end
ld=max(ld,eps);

X Main Parameters
a=3/8;

W=1.25e6;

R=8e3;
EUE=db2num(7);
SNR=db2num(-1);
d=(W/R)/EUE-1/SNR;

% Calculate Capacity
Ns=Ns(:)*;
L=length(Ns);
C=zeros(1,L);
for i=1:L
n=Ns(i);
=0:n-1;
t=tail((d-k-m*n*ld)./sqrt(s2*n*ld));
C(i)=sum(comb(n-1,k) .* a.’k .* (1-a)."(n-1-k) .* t);
end
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COMB.M
COMB(N,M) finds the number of combinations of M elements out of N.

function c=comb(n,m)

mem(:)";

L=length(m);

c=zeros(1,L);

for i=1:L
if m(i)>n/2, c(id)=prd(m(i)+1:n)/prd(i:n-m(i));
else c(i)=prd(n-m(i)+1:n)/prd(1:m(i));
end

end

PRD.M

Finds the product of the elements of a matrix.
function p=prd(X);

p=prod(X);

f=find(isempty(p));
p(f)=ones(size(f));
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APPENDIX E

Multiple-Cell CDMA System Simulation: Forward Link

RING.M
Contains co-ordinates of the 18 nearest (to the origin) cell centres.

function [cx,cyl=ring

cx=[0121-1-2-1234320-2-3-4-3-20);
cy=(021-1-2-114320-2-3-4-3-2023];

FILM
Monte-Carlo simulation for forward link (Chernoff upper bound technique).

function [x,pdf,l1=fi(d,M,bins)

f=[1;
sigma=8;
[cx,cyl=ring;
N=length(cx);
for x=0:d:1-d
for y=0:d:x/2
r2=((x-cx). 2+(y-cy). 2-(x-cx).*(y-cy))*;
$=(r2."°(-2) * ones(1,M)) .* (10" (sigma/10)). randn(N,M);
[s1,kl=max(S);
k=C0:M-1)*N + k;
S(k)=zeros(size(k));
f=[f sum(S)./s1];
end

diary on
disp(x)
diary off

end

l=length(f);
[n,xI=hist(f,bins);
pdf=n/(L*(x(2)-x(1)));

SFLM
Monte-Carlo simulation for forward link (Gaussian approximation technique).
function [x,pdf,l,fl=sfi(d,M,bins)

% Main Parameters
sigma=8;

% Cell Centers of 2 Rings
[ex,cyl=ring;
N=length(cx);

% Define Grid

=0:d:1-d;
y=0:d:1-d;
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L=length(x)"2;
[x,yl=meshgrid(x,y);
[x,cx]=meshgrid(x,cx);
[y,cyl=meshgrid(y,cy);

% Distances from Cell Centers
ré=((X-cx). "2+(y-cy). "2-(x-cx).¥(y-cy)). (-2);

X Initialisation
f=zeros(1,M);

% Main Loop
for j=1:M

% Received Powers
s=r4 .* (10°(sigma/10)). randn(N,L);

% Maximum Received Power
[S,kl=max(s);
k=(0:L-1)*N + k;

% Ratio of Sum of ALl Other Powers to the Maximum
s(k)=zeros(size(k));
f(j)=sum(sum(s)./S);

% Display Current Step (every 10 steps)
if mod(j,10)==0,

diary on

disp(j),

diary off
end

end

X Find Histogram
l=length(f);
In,x1=hist(f,bins);
pdf=n/(L*(x(2)-x(1)));

RUNSFLM
Used to pass appropriate parameters to SFI and save results.

% Main Parameters
bins=40;

d=.05;

M=2;

% Output to file 'osfi!
diary osfi
diary off

% Run Simulation
Ix,pdf,l,fnewl=sfi(d,M,bins);

X Save Results

if exist('rsfi.mat!)==2,
load rsfi
f=[f fnewl;
l=tlength(f);
In,x1=hist(f,bins);
pdf=n/(L*(x(2)-x(1)));

else
f=fnew;

end

save rsfi x pdf L f d

FCHERN.M
Function whose minimum provides Chernoff bound estimate.
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function E=fchern(s,n,f,p,type)

[sa,sb)l=size(s);
E=zeros(sa,sb);
8=8(:)"';
a=3/8;
d=0.8%1250/8/1070.5;
A=exp(f*s) .* (p*ones(1,length(s)));
if type==1,
EC2)=((1-a)+a*sum(A)). n .* exp(-s*d);
else
E(:)=(sum(A)). " n .* exp(-s*d);

CHERN.M
Calculates minimum of FCHERN.

function [C,Sml=chern(Ns,type,graph)

load rfi
m=1:floor(0.7*length(x));
p=(pdf(m)*(x(2)-x(1)))*;
f=1+(x(m))"';
Ns=Ns(:)';
L=length(Ns);
C=zeros(1,L);
Sm=C;
§=0:.01:2;
for i=1:L
disp(Ns(i))
E=fchern(s,Ns(i),f,p, type);
k=max(find(E<1));
Lim=s(k);
if exist('graph')==1, plot(s(i:k),E(1:k)), end
sm(i)=fmin(' fchern',0,lim, [0, 1e-4]1 ,Ns(i), f,p, type);
C(i)=fchern(Sm(i),Ns(i),f,p,type);

CAP.M
Finds forward link performance as a function of the number of users.
Used to evaluate forward link capacity.

function C=cap(Ns,type)

if type<3,
C=chern(Ns, type);
else

% Main Parameters
b=0.8;

W=1.25e6;

R=8e3;
EUE=db2rnum(5);
d=b*(W/R)/EUE;

% Mean & Variance of Interference
m=1.549167;
§2=0.368528316;

% Calculate Capacity
C=tail((d-m*Ns)./sqrt(s2*Ns));

end



APPENDIX F

Auxiliary Functions

TAILM
Gaussian upper tail function.
function y=tail(x)
if x==0,
y=01;
else

y=erfc(x/sqrt(2))/2;
end

NUM2DB.M
Converts a number from linear scale to decibels.
function y=numedb(x)

y=10*10og10(x);

DB2NUM
Converts a number from decibels to linear scale.

function y=dbZ2num(x)

y=10."(x/10);

MOD.M
Modulo function. Based on built-in MATLAB function
REM, but works also for negative numbers.

function [m,n]=mod(x,y)

x=floor(x);
y=floor(y);
n=floor(x ./ y);
mEX - n.*y;

DEC2BIN.M
Converts an integer from decimal to binary.

function bin=dec2bin(dec,n)

if exist('n')"=1, n=-Inf; end

dec=round(dec(:));

bin=rem(dec,2);

dec=(dec-bin)/2;

while (any(dec) & n==-Inf) | size(bin,2)<n,
b=rem(dec,2);
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dec=(dec-b)/2;
bin=[b binl;
end

ROWS.M
Constucts a large matrix from many different vectors as its rows.

function M=rows(m1,m2,m3,ms x5 ,m5,m7,m8,m9,m10,m11,m12)

M=mi;
for k=2:nargin
K=num2strck);
[Mx,Myl=gize(M);
eval ([' [mx,myl=size(m',K,");'1)
if My>my,
eval(['m*,K,'=[m' ,K,' zeros(mx,My-my)];']l)
elseif My<my,
M=[M zeros(Mx, my-My)]l;
end
eval(['M=IM; m',K,']1;']D)
end
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