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Abstract: This paper developes a re�ned model
for direct sequence (DS) spread spectrum trans-
mission over a Rician fading channel. The path
gains in the channel are modeled with an ex-
ponential delay pro�le rather than the uniform
pro�le prevalent in other papers. Additionally,
some components of the multipath are included
in the desired signal. An expression for the
local-mean bit error rate (BER) is derived from
this model, which is extended to an analysis of
the packet erasure rate (PER).

I. INTRODUCTION

The performance of wireless transmission in a mul-
tiuser indoor environment is fundamentally limited by
interference due to the presence of signals from other
users as well as multipath. Such an environment has
been envisioned by many in the personal communica-
tions industry, who have proposed picocellular indoor
communications networks which deliver integrated ser-
vices to users via wireless CDMA transmission. A
high speed network would be used to perform database
retrieval and number crunching, delivering results to
any number of portable personal terminals over a full-
duplex wireless link. It is the popularity of such pro-
posals which necessitates a robust model by which the
performance of the multiple access scheme can be char-
acterized. In this paper, we analyze only the downlink
for such a system. We will examine performance as-
suming that each portable terminal receives a direct
signal from the base station consisting of its own in-
tended signal superimposed with those signals intended
for other users. Multipath is also present, adding ad-
ditional interference in the form of delayed and atten-
uated versions of these signals. A common interpreta-
tion of this received signal is that only the direct signal
consisting of the reference user's data is desired. In this
paper, we propose what we consider to be an improved
model, in which a portion of the delayed versions of

the reference user's signal is also desired. Additionally,
we choose our channel model to consist of a dominant
line-of-sight path with a decaying tail of delayed re-

ections, whereas in other papers the use of a uniform
delay pro�le is widespread. In section II of this paper,
we characterize the channel and power considerations.
Next, the new model is applied to the received signal,
and the local mean BER is obtained in sections III
and IV. In section V we analyze the implications of
our model, and a summary is presented in section VI.

II. CHANNEL

The system under consideration employs direct se-
quence spread spectrum for transmissions. Since we
can resolve the fading channel only at multiples of the
chip time Tc, we employ a discrete-time impulse re-
sponse model for the channel [9]:

h(t) =
L�1X
l=0

�l�(t� lTc)e
j�l (1)

where L is the number of resolvable multipaths, f�lg
are random amplitudes (not necessarily statistically in-
dependent), and f�lg are random phases. Because of
the presence of a strong line of sight between the base
station and user, the 0th resolvable path is modeled as
a Rician distributed random variable. It can be broken
down into the sum of a deterministic line of sight com-
ponent �LOS plus early re
ections adding coherently to
the line-of-sight (LOS) component, which make up a
zero-mean Gaussian scattering component �Se

j�S [2].
That is,

�0 = �LOS + �Se
j�S : (2)

Assuming power attenuation according to the inverse
square law, �LOS is determined by free space loss.
Hence, for a signal transmitted at frequency fo, the
power received at a distance d from the base station is

�LOS =
c

4�dfo
(3)



where c is the speed of light. We may assume the re-
maining, delayed terms have amplitudes �l; 1 � l �
L � 1, which are Rayleigh distributed. The phase o�-
set �l; 1 � l � L � 1, is assumed uniform over [0,2�].
Following [8], we ascribe an exponential delay pro�le
fTd(t) to the re
ected paths, where Td is the rms delay
spread of the pro�le. This contrasts with other work
(e.g. [10]) in which a uniform delay pro�le with inde-
pendent, identically distributed (i.i.d.) path gains is
assumed. The normalized delay spread is thus

fTd (t) =
1

Td
e�t=Td : (4)

By integrating fTd(t) over bins of chip intervals, we
obtain the local mean power in the lth path:

E(�2l ) = Pde
�lTc=Td(1� e�Tc=Td); l � 1 (5)

where Pd is the local mean scattered and delayed
power. Hence,

Pd = E(�2S ) +
L�1X
l=0

E(�2l ): (6)

Note that equation (6) implies that

E(�2S ) = Pd(1� e�Tc=Td): (7)

III. MULTIPLE USERS

Consider now a base station transmitting a direct
sequence (DS) spread spectrum BPSK signal to K mo-
bile units in parallel. Then the passband signal a(t)
transmitted by the base station is the superposition of
K signals intended for the di�erent users:

a(t) =
KX
k=1

dk(t� �k)pk(t� �k) cos(2�fot+ �k) (8)

where dk(t) is the kth user's data signal, pk(t) is the
spreading sequence for the kth user, �k is the random
phase of the kth carrier, and �k is the random time
delay. We will assume the base station transmits all
signals bit and carrier synchronously so that the delay
�k and phase �k are identically 0 for each of the K
users' signals. Each data signal is modeled as

dk(t) =
1X

m=�1

bkmPT (t�mT ) (9)

where bkm represents the kth user's data symbol, chosen
from the set f�1g. T is the bit time and PT (�) denotes
a rectangular pulse with amplitude 1, width T . The

spreading sequence consists of a sequence of rectangu-
lar chips of duration Tc taking on values xkm 2 f�1g:

pk(t) =
1X

m=�1

xkmPTc(t �mTc) (10)

where PTc(�) is a unit amplitude pulse with width Tc.
We assume the code sequence xkm is periodic with pe-
riod N = T=Tc. In the indoor environment under con-
sideration, the BER is essentially a function of mul-
tiuser interference, with channel noise having very little
consequence. Hence, channel noise is ignored in what
follows. The superimposed signals all fade in unison
over the same channel, so the signal received at the
mobile is

r(t) = a(t) � h(t)

=
L�1X
l=0

KX
k=1

�ldk(t � lTc)pk(t� lTc)

� cos�2�fo(t� lTc) + �l
�

(11)

with h(t) given by (1). This signal may be decomposed
into the superposition of signals representing the ref-
erence user's signal with self-interference due to mul-
tipath, and a second term representing the combined
interference of the signals transmitted to the other mo-
bile users. With the reference user arbitrarily assigned
to user 1, this decomposition is

r(t) =
L�1X
l=0

�ld1(t � lTc)p1(t � lTc)

� cos�2�fo(t� lTc) + �l
�

+
L�1X
l=0

KX
k=2

�ldk(t � lTc)pk(t� lTc)

� cos(2�fo(t� lTc) + �l): (12)

The base station will provide a pilot signal to allow
synchronous reception by the reference user. There-
fore, no generality is lost by setting the phase �0 of
the �rst resolvable path to zero. The output of the
integrate-and-dump receiver is then

g(nT ) =
2

T

Z nT

(n�1)T

r(t)p1(t) cos(2�fot) dt: (13)

So the �rst bit of the message is detected as

g(T ) = �0b
1
0

+
1

T

L�1X
l=1

�l cos(2�folTc � �l)

�
Z T

0

d1(t � lTc)p1(t� lTc)p1(t) dt



+
1

T

L�1X
l=0

KX
k=2

�l cos(2�folTc � �l)

�
Z T

0

dk(t� lTc)pk(t� lTc)p1(t) dt (14)

where the double frequency terms have been �ltered.
Note we have used the fact that

2

T

Z T

0
�0d1(t)p

2
1(t) cos

2(2�fot) dt = �0b
1
0 ; (15)

and this is the desired signal.
The second and third terms contain a cross correla-

tion multiplied by data function dk(t�lTc); 0 � k � K.
Using the fact that dk(t � lTc) will change value from
bk
�1 to bk0 at time lTc, we can write the correlation as
a sum of two partial correlations:

g(T ) = �0b
1
0

+
L�1X
l=1

�l cos(2�folTc � �l)[b
1
�1R11(lTc) + b10R̂11(lTc)]

+
L�1X
l=0

KX
k=2

�l cos(2�folTc � �l)

�[bk
�1Rk1(lTc) + bk0R̂k1(lTc)] (16)

where the partial correlation functions are

Rk1(� ) :=
1

T

Z �

0

pk(t� � )p1(t) dt (17)

R̂k1(� ) :=
1

T

Z T

�

pk(t� � )p1(t) dt: (18)

In equation (16) we have assumed that L � N so that
we get no delayed signal transmitting bit bk

�2. This is
equivalent to assuming that the maximumdelay spread
of the fading channel is less than the bit time T, which
certainly is reasonable in a LOS transmission.

The �rst term �0b
1
0 in (16) is clearly the desired sig-

nal from the reference user. In previous work, all re-
maining terms in (16) have been presumed to interfere
with the transmitted signal (see for example [4]). How-
ever, here we adopt the posture that not all of these
terms constitute interference. In particular, we focus
on the second term,

L�1X
l=1

�l cos(2�folTc � �l)[b
1
�1R11(lTc) + b10R̂11(lTc)];

which represents the reference user's self-interference
due to multipath. The second half of the summation
with b10R̂11(lTc) results from overlap of bit b10 with it-
self, simply delayed by lTc. In this sense, it adds coher-
ently to the desired signal �0b10. It can appropriately be

considered part of the wanted signal since it contains
the right modulation, but merely has a phase o�set.
This suggests that it is logical to include the second
term as part of the Rician fading of the desired signal.

We would now like to obtain the local mean BER
in this environment. We consider the ensemble of all
possible channel realizations of the delayed resolvable
paths. In this case, the delayed path amplitudes be-
come time-constant Rayleigh random variables. Since
the Rayleigh random variable is complex Gaussian in
nature, the in-phase components of the interference sig-
nals are all independent Gaussian random variables.
Thus, the error analysis is exactly as in a radio chan-
nel with AWGN. To summarize the discussion above,
we have that the desired signal is

S = [�0 + 
]b10 (19)

where 
 is the coherent self-interference caused by de-
layed paths:


 =
L�1X
l=1

�l cos(2�folTc � �l)R̂11(lTc): (20)

The interference terms which add incoherently are
grouped as

I =
L�1X
l=1

�l cos(2�folTc � �l)[b
1
�1R11(lTc)]

+
L�1X
l=1

KX
k=2

�l cos(2�folTc � �l)

�[bk
�1Rk1(lTc) + bk0R̂k1(lTc)]

+
KX
k=2

�0[b
k
�1Rk1(0) + bk0R̂k1(0)]: (21)

The last term corresponds to the l = 0 case, in which
other users' signals are arriving with Rician distributed
amplitudes, and �0 = 0. It is fairly simple to choose
spreading codes which are orthogonal or very nearly so
at zero o�set. Hence we may take Rk1(0) = Rk1(0)
and thereby discard the �nal term of (21).

By applying the Gaussian assumption used in [5],
we can simplify the analysis of the BER. The idea here
is that in general, KL � 1, and it follows that we
can use the central limit theorem to model all the self-
interference and multiuser interference terms of I as
random Gaussian noise. The two (remaining) terms of
I are mutually independent, and thus I can be modeled
as zero-mean Gaussian noise with variance equal to
the sum of the variances of the two individual terms.
Hence, the total power of the interference term is

E(I2) =
1

2

L�1X
l=1

E(�2l )E
�
[b1
�1R11(lTc)]

2
�



+
1

2

L�1X
l=1

KX
k=1

E(�2l )

�E
�
[bk
�1Rk1(lTc) + bk0R̂k1(lTc)]

2
�
: (22)

Note we have used the fact that �l , �l, and the bit
sequence for each user are independent of one another.
The factor of 1

2 falls out of the cos(�) term as a result of
the fact that �l is uniform on [0; 2�]. The conditional
probability of error is then

P (ej�0; 
) = Q

 
�0 + 
p
V ar(I)

!
(23)

where V ar(I) is given by (22) and

Q(y) =
1p
2�

Z
1

y

e�
x2

2 dx: (24)

IV. INTERFERENCE POWER

In order to evaluate (22), the variance of the partial
correlation terms of the form E[(Rkl)2] must be deter-
mined. A good approximation for this variance can be
obtained by modeling the spreading sequence xkm as a
purely random binary sequence [7]. To calculate

E
�
[bk
�1Rk1(lTc) + bk0R̂k1(lTc)]

2
�

we note that bit reversal will occur 1
2
of the time. If

there is no bit reversal, the expectation becomes, by
making use of (17), (18), and (10),

E
�
[bk
�1Rk1(lTc) + bk0R̂k1(lTc)]

2
��bk
�1 = bk0

�

= E
�
[bk]2

�
E

0
@" 1

T

Z T

0

pk(t� lTc)p1(t) dt

#21A

= E

 
1

T 2

Z T

0

pk(t � lTc)p1(t) dt

Z T

0

pk(� � lTc)p1(� ) d�

!

= E

0
@ 1

T 2

N�1X
i=0

Tcx
k
i�lx

1
i

N�1X
j=0

Tcx
k
j�lx

1
j

1
A

= E

0
@T 2

c

T 2

N�1X
i=0

N�1X
j=0

XiXj

1
A

where Xn are i.i.d., taking on�1 with equal probability
(note from (21) that l � 1 here). Continuing,

E
�
[bk
�1Rj1(lTc) + bk0R̂k1(lTc)]

2
��bk
�1 = bk0

�

= E

 
1

N2

N�1X
i=0

X2
i

!

=
N

N2
=

1

N
: (25)

The second case, also occurring with probability 1
2 ,

is when the bit switches sign between bk
�1 and b

k
0 . How-

ever, the reversal of the bit does not e�ect the random-
ness of the binary sequence xkm. Hence, the variance
works out to the same value as that without bit rever-
sal, 1

N . Therefore, the overall variance is

E
�
[bk
�1Rk1(lTc) + bk0R̂k1(lTc)]

2
�
=

1

2

1

N
+

1

2

1

N
=

1

N
:

(26)
Similar calculations show that

E
�
[b1
�1R11(lTc)]

2jl� = l

N2
: (27)

Hence, we arrive at

E(I2) =
1

2

L�1X
l=1

E(�2l )
l

N2
+

K � 1

2

L�1X
l=1

E(�2l )
1

N
(28)

where E(�2l ) can be determined from (5).
We can now return to the probability of bit detec-

tion error, as given in equation (23). To remove the
conditioning on �0 and 
, we use the argument previ-
ously set forward that 
, being representative of the
interference between the modulated data bit and a de-
layed version of itself, is part of the Rician fading of
the signal. In this context, we can model the signal
(�0 + 
) as a single Rician fading random variable R0

with pdf

fR0
(r) =

r

�2R0

e�(r
2+�2LOS)=2�

2

R0 I0

�
r�LOS
�2R0

�
(29)

where �2R0
= �2�0 + �2
 is the local mean power of the

scattered component of R0. Note that by symmetry
with (27),

�2
 = E(
2) =
1

2

L�1X
l=1

E(�2l )E([b
1
0R̂11(lTc)]

2)

=
1

2

L�1X
l=1

E(�2l )
l

N2
: (30)

Using this model, together with equation (5), we inte-
grate over the conditional probability of (23) to get

P (e) =

Z
1

0

Q

 
rp

V ar(I)

!
fR0

(r) dr: (31)

Thus, with (31) we have obtained an expression for
the local-mean BER for the downlink in a DS-CDMA
transmission over a Rician multipath channel.



V. DISCUSSION OF RESULTS

Our primary result in the last section was equa-
tion (31), which gives the local mean BER for the
base station-to-user downlink. This expression was ob-
tained by setting the desired portion of the received
signal to

S = [�0 + 
]b10

with


 =
L�1X
l=1

�l cos(2�folTc � �l)R̂11(lTc)

while the remaining portion of the received signal was
modeled as interference with power

E(I2) =
1

2

L�1X
l=1

E(�2l )
l

N2
+

K � 1

2

L�1X
l=1

E(�2l )
1

N
:

Prior models di�er from that presented in this paper
in two respects. First, they most often assume a uni-
form delay pro�le in which all path amplitudes are i.i.d.
Rayleigh or Rician distributed. This gives rise to a dif-
ferent channel impulse response

h0(t) =
L�1X
l=0

�0l�(t � lTc)e
j�0

l : (32)

Secondly, prior models assume the second term 
b10 in
S to be part of the interference I. Hence, in the prior
model, the desired portion of the received signal is

S0 = �00b
1
0: (33)

The interference now includes 
, and so we have

E[(I0)2] =
1

2

L�1X
l=1

E[(�0l)
2]E

�
[b1
�1R11(lTc)b

1
0 + R̂11(lTc)]

2
�

+
1

2

L�1X
l=1

KX
k=2

E[(�0l)
2]

�E
�
[bk
�1Rk1(lTc) + bk0R̂k1(lTc)]

2
�

(34)

which is a modi�ed version of (22). Taking expecta-
tions of the partial correlations gives us

E[(I0)2] =
L � 1

2
E[(�0l)

2]
1

N
+
(K � 1)(L� 1)

2
E[(�0l)

2]
1

N
:

(35)
The local mean BER in this model is

P 0(e) =

Z
1

0

Q

 
rp

V ar(I0)

!
f�0

0

(r) dr (36)

where

f�0

0

(r) =
r

�2�0
e�(r

2+�2
LOS

)=2�2
�0 I0

 
r�LOS
�2�0

!
: (37)

We compare (36) to the BER implied by our model,
given in (31), in Fig. 1. In this graph the spreading
factor is set at N = 64, with the exponential delay pro-
�le consisting of L = 30 multipaths, and the uniform
pro�le having L = 6 i.i.d. Rician paths. We assume a
data rate of 2 Mb/s and rms delay spread Td = 50ns.
These parameters are used in the INFOPAD project
at the University of California at Berkeley. The total
power in both paths are equal with Rician K factors
set at 6 dB. The new model clearly suggests that pre-
vious models are pessimistic in their BER estimation,
although most authors enhance the i.i.d. results via
maximal ratio combining (MRC) reception or selection
diversity.

Our new model allows us to �nd the packet erasure
rate, conditional on the channel. If the channel envi-
ronment is fast fading, then fading is independent from
bit to bit, and the local-mean PER is

PER = 1� [1�
Z
1

0

P (ejR0)fR0
(r) dr]M (38)

where M is the number of bits in a packet. The PER
for fast fading is plotted in Fig. 2, with M=63 bits,
for three di�erent Rician KR factors. A more realis-
tic model in the indoor environment is to assume slow
fading. In this case the fading is constant from bit to
bit, and the local-mean PER becomes

PER = 1�
Z
1

0
[1� P (ejR0)]

MfR0
(r) dr: (39)

A graph of the slow fading PER for M=63 bits and
di�erent values of KR is given in Fig. 3.

VI. CONCLUSION

In this paper we have examined the discrete time
channel model for the synchronous downlink in an in-
door CDMA system. In such systems multipath is in-
evitably present, causing degradation of signal quality
via fading. A commonly used model assumes that for
a channel with L resolvable paths, the signal ampli-
tudes are all i.i.d. We have applied two improvements.
First we introduced di�erent mean powers for di�erent
resolvable paths according to an exponential delay pro-
�le. This was reported in [8]. Secondly, we improved
the model of the e�ect of multipath self-interference by
taking into account that delayed resolvable paths con-
tain the same bits, and therefore add coherently (by
phasor addition) rather than the incoherent (noise-like)
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cumulationmodeled previously. This improvement has
been addressed in detail in this paper.

We conclude that our improved model gives signi�-
cantly di�erent local mean bit error rates, as our curves
are several orders of magnitude more optimistic than
the older model. We believe these improvements to
be realistic in a picocellular indoor environment. It is
also notable that although most papers use the fast
fading model for indoor transmission, the indoor chan-
nel is actually very slowly fading and mathematically
this results in improved performance, at least when no
error correction scheme is applied.

Our model allows the computation of the correla-
tion (and covariance matrix) of the samples taken in a
RAKE receiver at the di�erent resolvable paths, using
Wiener �ltering rather than Maximal Ratio Combin-
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ing. Analysis of this system is out of the scope of the
present paper, but will be conducted in the future.
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