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Abstract: Performance analysis is carried out for
a cluster of a M-ary orthogonal DS/CDMA
cellular system. The bit error rate (BER) is
evaluated for both the forward and the reverse
link, considering a wideband frequency selective
channel with Rayleigh fading and lognormal
shadowing. Both cases of power control (perfect
and imperfect) within each cell are examined.
Coherent and noncoherent RAKE receivers are
studied for the forward and the reverse link,
respectively, through appropriate numerical
techniques calculating the target integrals. Owing
to the channel model complexity, an equivalent
lognormal distribution has to be introduced to
make the calculations more convenient. An
increased user accommodation capability, in
comparison with the one cell study, results from
the overall analysis of the system.

1 Introduction

Two major problems in personal communication sys-
tems (PCN) are the multiple access problem (multiple
transmissions of active users on the shame transmission
medium), and the bandwidth efficiency (number of
users accommodated over an acceptable GOS link) [1,
2]. A promising technique for the multiple access prob-
lem is the code division multiple access (CDMA) [1]
which is currently under discussion for application in
third-generation mobile radio systems [3-6]. In these
systems, the requirements for an enhanced bandwidth
efficiency are more imperative, so M-ary orthogonal
signalling techniques constitute a very attractive solu-
tion, since it can be shown that M-ary signalling
improves bandwidth efficiency, and a reduction of the
required signal to noise ratio per bit for a specified
error probability can be achieved [7-10].

Cluster analysis has appeared recently in a number of
papers. An overview of cellular DS/CDMA was pre-
sented by Lee [11]. Gilhousen et al. [12] have provided
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a capacity analysis taking into account the path loss
and the lognormal shadowing but ignoring the multip-
ath fading. On the other hand, Milstein et al., in [13],
assumed only the Rayleigh model and coherent BPSK
modulation and carried out a mathematical analysis,
evaluating the error probabilities for both communica-
tion links: base-to-mobile link and vice versa. Also,
Misser and Prasad [14] have considered a microcellular
mobile radio system, where they examined the multip-
ath effects, but in a CPSK receiver with Rician shad-
owing. Perfect power control is assumed in almost all
the references in the literature apart from [13]. The
effects of imperfect power control on capacity,
throughput and delay for a sectorised narrowband cel-
lular slotted DS/CDMA system were presented by
Jansen and Prasad [15]. A more general model for the
evaluation for a sectorised cluster of the uplink and
downlink channels considering the multipath fading,
the path loss and the background noise has been devel-
oped by Stuber and Kchao [16] for a coherent receiver
with binary signalling. Finally, Tonguz and Wang [17]
have studied the effect of power control on the per-
formance of cellular CDMA for both links, considering
flat Rayleigh fading and UHF attenuation.

M-ary orthogonal signalling in a wideband mobile
radio environment is a very recent research topic and
only the reverse link of single cell structures has been
examined [8, 10, 18, 19]. Also, apart from [19] only fast
fading models have been considered. Therefore, due to
the lack in the literature of a complete cluster analysis
of M-ary orthogonal signalling, a system with perfect
and imperfect power control terms of BER perform-
ance for a frequency selective channel with multipath
Rayleigh fading and lognormal shadowing is investi-
gated. The study is carried out for both the links: for-
ward (base station to mobile) and reverse (mobile to
base station) to make clear the impact of multiple cells
on such a system. An M-ary coherent receiver with
maximal ratio combiner (MRC) is used in the forward
link, while for the reverse link a noncoherent M-ary
receiver with square law detection combining is
selected. Perfect power control is first applied in each
cell to assure the equalisation of the received powers
within each cell, but this condition is finally relaxed so
that the sensitivity of the system to imperfect power
control can be studied in the cluster domain.

The complexity of the mathematical model leads us
to approximate the joint probability density function of
Rayleigh-lognormal with an equivalent lognormal

265




according to a previous publication [20]. The approxi-
mation is found to be very satisfactory, depending on
the number of resolvable paths.

ang 1 Forward link DS/CDMA system geometry, showing ‘home’ cell B
neighbouring cells I and J

2 Forward link analysis

The cellular CDMA channel is modelled as a multipath
Rayleigh with lognormal shadowing over L paths. A
cluster of cells with radius R is studied assuming DS/
CDMA coherent M-ary orthogonal signalling with K
users in each cell. Each user is assigned a set S¢ of M
orthogonal sequences with length N and period T:

-
Sk = {sF sk, .. 8k ., sk} (1)

Mobile users at the edge of a cell moving along the
route BV (Fig. 1) are examined. This route has been
chosen because it represents the worst case situation
[21]. When the mobile is close to the vertex of the
‘home’ cell, the received signal consists of the K — 1
interfering signals from the ‘home’ cell, denoted as B,
together with other K interfering signals from the two
more closest cells denoted as / and J (Fig. 1). We
assumed that the interference from other cells is negli-
gible following the concept in [17]. Although the chan-
nel model is multipath, all signals are assumed to fade
in unison within each path. Hence, the received signal
at the mobile receiver can be written as

r(t)y =n(t) + V2Ps Zﬂaz{ S(t—=7B,1)

x exp[jwc(t—78,) + j(¢B, +0B,1)]
o .

+~‘Z (U,’:‘(t—TB,z) eXp[jwé?('t - TB,1)+55(‘?E,1 + eg,k)])}]

=2

+ Z Z \/2P55(r, [ﬂz zU,‘,.(t =TI t)

=1 [=1

x expljwe(t 71,0+ (1, +01)]]

K L . 5y
+ Z Z “lzpsa(Tj)[ﬂ‘l’]U;’"(t—TJ’[)
j=11=1 4

x expljwe(t —71,) +3(11+05;)]] @)
The first term in eqn. 2 represents the additive white
Gaussian noise with two-sided spectral density Ny/2.
The remaining terms represent the desired signal and
the interference resulting either from mobiles in the
‘home’ cell or from mobiles in the two neighbouring
cells. Py is the transmitted power at the base station.
a(r;) and d(r;) are parametric functions due to the lack
of a unified power control scheme throughout the clus-
ter and are proportional to ;™. r; is the distance
between the ith mobile and its own base station, and n
is the path loss coefficient depending on the environ-
ment  structure, ~usually . chosen to be equal to 4.
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5L (t - 1:3 ) is the mth symbol transmitted by the first
user. U, (t—1:p ), (E=k, i,jand p = B, I, J), represents
the concatenation of interference durmg the intervals

T, 7,) and [t,;, 7,; + T) [7]. 6 is the carrier
ﬁase introduced by the transmitter and , is the com-
mon angular frequency. 7, b @p.l is the path delay and
path phase of the /th patﬁ in the pth cell and are ran-
dom variables uniformly distributed in the region [0, 7)
and [0, 27). Finally, Bo.i is the path gain of the /th path
and the pth cell and is user independent since all sig-
nals fade in unison.

We have assumed two types of fading: fast
(Rayleigh) and slow (lognormal) fading [19] with char-
acteristic parameters the mean area power:€ = In u and
the standard deviation o. To facilitate the mathemati-
cal analysis, we have approximated the joint probabil-
ity function of multipath Rayleigh and lognormal
shadowing with an equivalent lognormal distribution

that is given by
1 (Inz - ¢ .
feq (CC) O'LIL'\/EE exp( 20_% ) (3)

where &, = In y; and y; = w/[L¥/(L+1)] and o;, = V{?
+ In[(L + 1)/L]}. The proof is given in the Appendix.

The optimum receiver for wideband fading multipath
signals is a RAKE one which consists of M matched
filters (for the M symbols, respectively) with L active
taps, Fig. 2 [22]. The decision variable is based on the
maximal ratio combining structure. Without loss of
generality, we choose arbitrarily the first user of the
‘home’ cell as the desired one and the ith path as the
reference path, so 73, = 0 and 65, = 0.

r(t) 8.1 > B2 - L
e 104)1* Is!t)*
IS0, 5 s X Smi
P 19| -iPg L
BB,le B, X BB,Ze B2 X BB,Le N
m
23,1
m m
211 £y L

J7 borel =2l

Fig.2 Coherent type of RAKE receiver with MRC for forward link

A 4

The output Z7; for the vth path and the mth symbol
is given by:

T
7 =Re{ [ty exp(—siit)n expl-som)ish (o) at
’ @)

After some mathematical manipulations, the previous
form can be written:

B I J
g {,/ T8y + NE+NLA N +m(t) - A=m 5a)

NB + NI+ NI +ni(t) A#m
where ‘
Ng =/ PSTZ Z B vﬂBIYBu (5b)
k=Ll=Ll#v
Ps K. L
N=\[=Z5TY 3, \/ “BowBraY (5¢)
=1 l=1
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\/E Z Z \/—_BB BiY2, (5d)

j=11=1
The first term for A = m in eqn. 5a is the desired signal
and the others declare the interference and the noise.
For any other symbol, there is only interference and
noise. The term Y., represents the multiple access
interference due to the mth signal and is given by [23]:

1 A~
Y= Fe1R2(n) + boRE(m)] cos Q¢ (6)

where Q.- = @,; — @g; + 6, — WcT,; is the total
phase. Tpe vectors (by, bg) represent two contiguous
spreading codes to emphasise that the partial cross-cor-
relation functions Rf (7)), Rf (7)) refer to the interfer-
ence caused to the current symbol by the previous and
the succeeding ones.

The noise term is as follows:

ni(t) = Re{ﬁB,u exp(—j¥B,v)

T
x [ O 0)" exp(=wct)] dt} (7)
0

The decision variable for the mth symbol is Z* = £k,
Z™. Such sums for all the symbols are derived and
compared, and the maximum of these outputs is
selected.

2.1 Performance analysis

To evaluate the proposed system via the symbol error
probability, we have to calculate the signal to noise
plus interference ratio which can be written:

Y. =

L
. Y Bo

119154 v=1 [ER RIS DYk
or 31

L R A
T#v - -

(8)
where Eg = PgT is the energy per symbol, while the

energy per bit is given by E;, = Eg/log, M since log, M
bits are transmitted with each symbol. The term I{,’fg,

has been widely studied [23-25] and is proved to be
Gaussian with variance var[¥,,] = 1/3N for rectangu-
lar chip pulse, since we have used orthogonal sequences
similar to [7-9]. Alternative pulse shapes and the
impact on the performance are presented in [26]. The
product V™ Y ; ; is also zero mean ‘Gaussian, whose
variance depends on the spatial distribution of the
mobiles around the base station. The locations of the
mobiles are assumed to be independent uniform ran-
dom variables [17] with probability density function:

yo{% o<n<Rr 9
fr(rs) {0 otherwise ©

The variance of the product can be derived as:

varfre YA = varl¥2, ] / t (\/T )2 fo(rdr,
= varl C,]/ ( r )Z;d~

=3N

T (19)
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Focusing our interest on interference problems other
than white noise, we can assume that Eg/Ny >> 1 and
the previous form can be approximated by the follow-
ing:

[ L o Lo -
Y, ~ K 14+ 2 z§1 ﬂ[?' & z§1 B
*T |3N R"(2-n)| L i
E IBB‘,v
L v=1
[ K 2 xr+xs\] "
= 11
0+ gy | ) (1
letting xp = Z,E, B2, xr = =& B and x; 021-1 B

Applying n = 4, the symbol error probability condi-
tioned on Y, X1 X7 i given by:

PE(Y;/XB’XIaXJ) ==

0 ol (o2 o

Defining w = y%; + x; and u = ¥, we have to find out
the joint probability of the ratio v = w/u. It can be
proved that [27, 28]:

folv) = / " fulow) fu(uyudu (13)

According to Wilkinson’s method [29, 30], the proba-
bility function f,,(w) of a sum of lognormal variables is
a lognormal distribution with equivalent standard devi-
ation o, and mean g, and can be given as

=lnus —2Ilnu; (14a)
1 u?
§w=2lnu1-—§1nu2 OF by = —— (14b)
where
§w =Inpy (15a)

o2 o2
u; =exp| &, + % +exp| &, + ;’ (15b)
ug = exp(26y, + 20%)) +exp(2¢, + 202 )

1
+2exp(€x; +&xs + 5(‘7720 + 032(,)) (15¢)

Finally, the unconditioned symbol error probability
can be written combining all the above equations as:

pu= [0 e [ ()] )
L ( /0 > fol(ud) fudu) dv (16)

The symbol error probability P;, can be converted to
an equivalent bit error probability P, by the following
transformation:

21032 M-1

Pb o5 log, M _ 1 M

1

3 Reverse link analysis

We consider now the mobile-to-base station link in the
same cluster structure but with a DS/CDMA noncoher-
ent M-ary orthogonal signalling. For the reverse link
analysis, the assumption of unison. fading is relaxed
and we have path gain, path phase and path delay,
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different for each user. The received signal at the base
station can be written as

L
r(t) =n(t) + v2Ps [E BB,15m, (t—78,1)

=1
x exp[jwc(t—7B,1) + j(¢B,1n + 08B,1)]

K L
+ E Z (BB UE (t—T5,1x)

k=2 l=1

x expljwe(t — Tp,ux) +3i(¢B,ik +0Bk)])

K L
+ Z Z 2Ps(r}) [Brn Ui (t—71,11)

=1 X
x expljwe(t—71,n)+5(pr,u+61,)]]

K L .
+ 3> \/2Psd(r)) [BriUs(t—T15)

j=11=1
x expljwe(t—71s.5)+3(ps1;+045)]]  (18)

Similarly, with the forward link analysis the first term
is the desired signal and the others constitute the inter-
ference either from the same cell or from the two
neighbouring cells. The functions a(r)) and a(+') are
similar as in the forward link but now 7/ is the distance
of the ith mobile of the neighbouring cell from the base
station of the ‘home’ cell (Fig. 3). B, s, To1e, Poue (0 =
B, I, J) are the path gain, the path delay and the path
phase of the /th path of the kth user in the pth cell. The
channel model has been approximated again with an
equivalent lognormal distribution as in the forward
link case.

~

1=1

/N
(4

[mg .3 Reverse link DS/CDMA system geometry, showing ‘home’ cell B
neighboring cells I and J

Mo}nle interferers from neighbouring cells are J and I are r’;and rj, respec-
tively

r(t)
[shy (£1*

5'12 4  Noncoherent RAKE receiver with square law combiner for reverse
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We will now consider the receiver for the signal
transmitted by the first user. It is a RAKE demodula-
tor with a square combining law that consists of M
matched filters for the M symbols (Fig. 4) [22]. The
RAKE has L active taps and the output of the mth
symbol is given by:

zr —lell‘*’

(19)

where Z7 is the matched ﬁlter output of the ith path .

and can be derived as follows:

T
m / r(t) expl—juwet][sk, (£)]5dt
0

After mathematical manipulation, the output can be
written as:

(20)

\V %S'T,BB,vl cos 1B 41
+NE4+NI+N/+ni(t) A=m (21a)
NE 4+ NI+ NJ+ni(t)  A#m

NB = ,/PSTZ i Be Y2
B,lkt B k,1

k=1l=1,l#v

N{ \/ETZZ\/—'B“'YI,zl

=1 [=1

N: - \/ﬁgrzz\/“ AR

Jj=11l=1

The terms Y*., (o = B, I, J & & = k, i, j) have been
denoted in the forward link case. We can calculate the
variance of the terms V(r;™) Y}; and V(ri") Y}
assuming uniform spat1a1 trafﬁc density [17]. Both
terms have equal variances so we determine only the
first, It is given that:

ri =3R%+r1} - 2V/3Rr; cosf (22)

rj is the distance of the adjacent interfering user to its
own base station, and 6 is uniformly distributed
between [0, 27). Thus, letting n = 4, we have:

va.r[ '"YpCl}—var p“]/ ( )
/ (\/3R2+r2 2\/_Rr,cos9) —d0 (23)

According to Gradshteyn and Rizhyk table integrals
[31], it is given by:

/ 1 1
= A -
var [ 7"; an,C’l] = ?ﬁ I.R—‘i

Following the forward link case, for the signal to noise
plus interference ratio Y; we obtain:

A —
Zvl_

where

(21b)

(21¢)

(21d)

(24)

i &y Lii i ~hy
o |21 BT
T 3N R UNES
Z ﬂB,vl
L ; =1 ;
_[2k 1 xr+xi\]
~ (3N (1 s 4R xB (25)
letting x3 = Z.y B, xr = Zk1 Bh» and x; = 2 B
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The unconditional symbol error probability is given
by: :

© 1 1[2K 1 \17!
0= [ g3 (1 o)
m = V), zI p(z 3N\ " 1R

L-1 . -1
1[2K 1
% 2(5[377(”175)] )

x ( f fw(uv)fu(U)dU> dv (26)
0
where
1R 2L
= :4:;, ( p >

The symbol error probability can be converted to an
equivalent bit error probability P, by eqn. 17.

4 Imperfect power control

So far, we have assumed that the power control at each
mobile within each cell is perfect. In the forward link
case, such assumption sounds sensible since the base
station transmits the signal in predetermined time
moments and the desired level has already been deter-
mined by an appropriate handshaking protocol, but
this is not the case in the reverse link. The asynchro-
nous mode operation often makes the power control
. imperfect, and the average received power at the base
~ station is not the same for all users [13, 14]. Hence, we
- rewrite eqn. 18:

L
r(t) =n(t) + v/2Pse; Zﬂa,usfn(t — TB,01)
£=1

x expljwe(t — 7,01) + j(¥B,01 +08,1))

K L
+y Z('Ekﬁs,ku,ﬁ(t — TB,tk)

k=2 £=1

x expljwe(t — 7B,ek) + j(¥B,ex + 0B,k)])

K L
+ Z Z \/2Ps8(r})el [Br,6iUp (t — 71,0i)

=1 £=1
X expljwe(t — 71,6) + j(@r1,6i) + 01,5)]]
K L
+ D3 1/2Ps8(r))e] [Bre;Un(t — Ties)
j=14=1
x expljwe(t — 71,65) + J(P,e5) +64,5)]] (27)

where the factors g, &, £/ represent the power control
error, and it can be assumed that they are independent
random variables uniformly distributed given by [13]

fe={51V VIP5 -V <e<V2Ps+V (o)

0 elsewhere

To evaluate the system performance, we have to calcu-
late the mean square value of the last term that is given
by

Ble%] = (v/2Ps)* + -‘; (29)

As in Section 3, we can conclude that the signal to
noise ratio can be given by:
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L L

2 3 2 .

oo |G [ 2 BT S P

s=17w |Vt &,
ElﬁB,vl
i1 F -1
= M 1+._LM (30)
3N 4R*" xB

where F,, = VZ/(V[2Pg])%.

Then, substituting eqn. 30 into eqn. 26, we can deter-
mine the error probability for the imperfect power con-
trol case:

il X
P :=M—1/ e /
M =( )0 22L-1 :
-1
12K (1+52) 1
% exp (5 ["‘“afv“‘“ (1+ )

S (G (e )] )

n=0
x ( /0 ” fuluv) fu(u)du) dv (31)

5 Numerical results and discussion

In the following, we compare and discuss the bit error
probability for both the forward and reverse link. For
the calculations, we have used random orthogonal
codes.

The studied parameters are the number of paths L,
the number of symbols per user M, the signal to inter-
ference ratio Yg and the bandwidth efficiency 7.

10°E'l'l’|'l'll1‘l'r'l'

1072
)
Z 10
2
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5 076
- E
£ f
© 08 ]
| 1
_10F & 3
10 Og’o: 3
0 20 40 60 80 100

number of users

Fig.5 Bit error probability against number of users over multipath
Rayleigh and lognormal shadowing with constant ratio bits per chip

L = 5 paths, r, = 16 kbps;

—MB— M =2, N=25

—A— M =4, N = 512

—O— M =16, N = 1024

—+— forward link

Jide Teverse link

In Fig. 5, the error probability is depicted as a func-
tion of the number of accommodated users with log,
MIN = 0.0039 bits/chip, namely, an increase of M
results in an increase of N when the information rate r,
is kept constant. As expected, the behaviour of the for-
ward link is better than the reverse link, but this
depends on the nature of the receivers: coherent or

269




noncoherent. As M increases, and for a low number of
users, the performance in both cases is almost the
same. The difference in performance becomes signifi-
cant for a very large number of users (greater than 65).
Also, in noncoherent systems, there is a saturation
point where the system performance is independent of
M, but in both the systems, we can achieve transfer of
safely data (BER less than 1079) for different values of
M. Given the number of users (e.g. K = 14) this can be
achieved for both the links with M = 16 and N = 1024.
At large values of M, the benefits of M-ary signalling
are presented. For the voice quality limit P, = 1073, the
results are very different for the two links. In the for-
ward link, and for M = 4, the limit can be achieved
with K = 33 accommodated users while, in the reverse
link, the number of accommodated users is only K =
21. In the reverse link, if we desire to achieve the same
value in BER with 35 users, we have to increase M and
N simultaneously (M = 16, N = 1024).
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Fig.6  Bandwidth efficiency as function of bit error probability for both
lmgs numbers of accommodated users are also presented
L = 5 paths, r, = 16 kbps;
—8— M =2, N =256
—A— M=4,N=512
—O— M =16, N = 1024
forward link
P reverse link

A crucial factor for performance evaluation is the
bandwidth efficiency 7, which is a measure of the
amount of information the system carries, given the
BER. It is defined as [9]:

Klog, M

n=——ti— (32)

In Fig. 6, the bandwidth efficiency is depicted as a
function of BER. The number inside the graph repre-
sents the number of accommodated users and the bold

type numbers give the accommodated users in the

reverse link. Maximum bandwidth efficiency equal to
0.3125 is observed in the forward link for the maxi-
mum- value of M and for the maximum length of
spreading  sequences N. Hence, the impact of the
increased complexity (large M and N) is more benefi-
cial in the forward link.

The number of accommodated users is a function of
the number of resolvable paths L (Fig. 7). Assuming
only one path, the performance in both the links is sim-
ilar and very poor. Taking advantage of the inherent
property of spread spectrum (implicit diversity), the
system’s performance enhances but depends on the
number of users. Therefore, the safe limit for data
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transfer can be obtained for up to 15 users in the for-
ward link and ten users in the reverse link considering
more than five taps in the RAKE receiver, but there is
an important difference between the two links. In the
reverse link, the increase in the number of resolvable
paths is positive until the system approaches a critical
point (at about 32 users). Above this point, the impact
becomes negative and the multiple access dominates
the increased path resolvability. On the contrary, in the
forward link, increasing L gives an improvement of the
system’s performance, but the improvement is not
significant for L > 5 in comparison with the increased
system complexity. The same result alsg arises in the .
reverse link but only for number of users fess than 32.

100='l'l'l‘1'l'lll'l'|‘
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Fig.7 BER against simultaneous users with wide range of number of
resolvable paths

M = 4 symbols/user, N = 512

—MB— L =1 path

—A— L =5 paths

—O— L = 8 paths
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Fig.8 BER against SIR with different number of resolvable paths
M = 4 symbols/user, N = 512
—M— L =1 path

“LLAL [ = 5 paths
r+=O— L = 8 paths

forward link
et reverse link

In Fig. 8 the error probability as a function of yg is
presented with the number of resolvable paths as the
parameter. Increasing yg enhances the system. In the
medium yg area, a difference of 3dB gives about two
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orders of improvement in BER. The level of 8dB gives
another aspect of the result stated in the previous
paragraph.

Finally, Fig. 9 depicts the performance of the system
against RMS delay spread for a variety of power con-
trol errors. The three curves correspond to F,, = 0 (per-
fect power control), F,, = 0.707 (variation £50% about
its nominal value) and F,, = 1.0 (x100% variation). We
can notice that, as the power control error increases,
the bit error probability also increases. In particular,
when the power control error overcomes =50%, the
degradation in system performance is large enough and
closed loop power control algorithms have to be
applied [32]. Another point is that an RMS delay
spread increase results in a decrease of BER, since the
signal energy disperses through a large number of
paths and it is difficult for it to be picked up, without
noise assemblage (multiple access interference plus
noise) at the same time. Therefore, there is no need to
increase the number of resolvable paths. For any non-
coherent system, an optimum point of L can be found
[22] (L = 3 in our case).

2"10—2 R o ARREAT
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Fig.9 BER against RMS delay spread in reverse link for different

power control errors
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6 Conclusions

A cluster analysis for both the links (uplink and down-
link) of an M-ary DS/CDMA orthogonal signalling
system has been presented. The channel model is con-
sidered to be frequency selective with multipath
Rayleigh fading and lognormal shadowing. The pro-
posed system has been evaluated in terms of BER. As
far as we know, this is the first time that such an anal-
ysis in a wideband environment has taken place. A
RAKE receiver, namely a coherent type with MRC in
the forward link and a noncoherent type with square
law combiner, was applied in both the links, taking
into consideration the implicit diversity. Also, a very
satisfactory approximation of the channel model has
been achieved, approaching the Rayleigh-lognormal
distribution with an equivalent lognormal. The imper-
fect power control case has been studied giving us an
in-depth insight of the system. The mathematical analy-
sis is quite general and can be applied in any number of
resolvable paths. The positive results in both the links,
encourage us to insist on a M-ary DS/CDMA orthogo-
nal signalling as the future in PCN.
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8 Appendix

In the following, we wish to prove that the joint proba-
bility density function (PDF) of Rayleigh-lognormal
can be approximated by an equivalent lognormal distri-
bution by the appropriate transformation in mean and
standard deviation according to a previous publication
[20]. First, we calculate the first and the second
moment of both the distributions and then we apply
the cumulant matching approach [29].

The PDF of multipath Rayleigh and lognormal shad-
owing can be given by [19]:

fri(y) =/0°° ml"_'_"l'j','y[’—l exp (“‘y")

1 (Inz —£)2
27r p( TogT )d.’L‘ (33)

The mean value is defined as:

Ely] = /omy (/Ooo *ﬁ—(s——:—i-)-!-yl‘"l exp ("%)

1 (Inz — £)?
X e exp <— ————5(—7—5———) dz) dy
(34)
According to [19, 22], the above can be simplified to:
[ 1 (Inz —¢)?
Ely] = /0 Lwax\/2_1r exp (-T> dr  (35)
This equals L times the mean value of lognormal distri-
bution so:

X

o2
Ely] = Lexp (6 + —2—> (36)
Similarly, the mean square value can be written by:
E[y?*] = L(L + 1) exp(2£ + 20°) (37)

The mean value and the mean square value of a log-
normal distribution can be given, respectively, by [33]:

E[z] = exp (éL + %) (38)
and
E[2?] = exp(2¢; + 20%) (39)

Matching the first moment, one obtains:

o2 o3
exp | &L + o B Lexp | &+ > (40)
The second moment matching gives:

exp(2€r, +20%) = L(L + 1) exp(2¢ + 20?) (41)
Solving the linear system results:

\ =
eL=§+1n( L+1> (42)
and
0 =0 +1n(Lz~1 (43)

For L = 1, the previous equations comply with [20].
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Verifying the above approximation, we present
some simulation results comparing the two PDFs
(Figs. 10-12). The simulation was developed in C++
and run on HP 9000/735. Also, the Kolmogorov-
Smyrnov test was applied and it proved that, as the
number of paths increases the approximation
becomes better. For L = 5, the confidence interval is
less than 0.01 while, for L = 3, the approximation is

eriompdnn®
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slightly higher than the appropriate Kolmogorov—
Smyrnov limit for 0.05 as a confidence interval.
Finally, we present the L = 1 case, although the
results are not very satisfactory. The number of paths
is the crucial factor that affects the quality of the
approximation because the number of the paths is
involved both in the mean value and in the standard
deviation.
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