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Performance Analysis of Forward Link DS-CDMA Systems Using
Random and Orthogonal Spreading Sequences∗

Ji-Woong CHOI†a), Student Member and Yong-Hwan LEE†b), Member

SUMMARY The characteristics of the spreading sequence significantly
affect the signal-to-interference power ratio (SIR) of the received signal in
direct sequence code division multiple access (DS-CDMA) system. In this
paper, we analyze the receiver performance of the forward link of a DS-
CDMA system in terms of the SIR and bit error rate (BER) when pseudo
noise (PN) codes and concatenated orthogonal/PN (OPN) codes are used
as the spreading sequence. The use of OPN spreading codes can cancel
out the intra-cell interference signals with equal path delay, but the use of
PN spreading codes cannot, significantly degrading the performance. As
a result, the BER performance of the OPN spreading system is better than
that of the PN spreading system. The use of OPN spreading sequences can
provide the system capacity at least two times larger than the use of PN
spreading sequences in the single-cell environment even when the channel
has a large number of multipaths. The two spreading systems also show
significant difference in the user capacity even in a multi-cell environment.
key words: forward link DS-CDMA, orthogonal spreading sequence, ran-
dom spreading sequence

1. Introduction

The receiver performance of direct sequence code divi-
sion multiple access (DS-CDMA) systems strongly depends
upon the characteristics of the spreading sequence. The use
of orthogonal sequences in the forward link can improve the
receiver performance because all the signals from the same
base station are synchronized with each other. When the
orthogonal sequences are synchronized in time, the cross-
correlation between the two orthogonal sequences results in
zero output. Thus, the interference from other users can be
cancelled out when the channel has flat fading. However,
the crosscorrelation between the two orthogonal sequences
may not be zero due to the multipath delay in multipath
fading environment and it can have a large magnitude at
a certain time delay. To increase the randomness, orthog-
onal sequences are often concatenated with PN sequences
[1]. The use of orthogonal codes, however, needs timing
synchronization of all the user signals in the same cell and
careful code assignment due to limited number of available
sequences. On the other hand, the use of only PN sequences
as the spreading sequence can alleviate this problem [2].

Not many results have been reported on the evaluation
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of receiver performance when concatenated orthogonal/PN
(OPN) sequences and PN sequences are used as the spread-
ing sequence in the forward-link DS-CDMA system [3], [4].
It was reported that the BER performance with the use of
OPN spreading sequences is better than that with the use
of PN spreading sequences when no channel coding is em-
ployed. This superiority decreases as the number of mul-
tipaths increases, becoming negligible as the channel has a
larger number of multipaths even in a single-cell environ-
ment [3], [4]. This implies that the use of OPN sequences is
attractive only under certain condition, i.e., when the chan-
nel has a small number of multpaths in a single-cell envi-
ronment. However, the effect of other-users interference in
the same cell is underestimated than the actual one in [3], [4]
when PN sequences are used as the spreading sequence. As
a result, the performance difference between the two spread-
ing systems may not be distinguishable particularly when
the channel has a large number of multipaths.

In this paper, we analyze the performance of the DS-
CDMA forward link system in single- and multi-cell en-
vironment when the two sequences are employed as the
spreading sequence. With and without the use of convo-
lutional channel coding, we evaluate the BER performance
by calculating conditional signal to interference power ra-
tio (SIR) of the received signal. We also evaluate the two
spreading systems in terms of the number of users for a de-
sired BER.

Following Introduction, the model of the transceiver
and channel is described in Sect. 2. The BER performance
of the DS-CDMA system is evaluated without and with the
use of convolutional channel codes in Sects. 3 and 4, respec-
tively. The analytic results are verified by computer simula-
tion. Finally, conclusions are summarized in Sect. 5.

2. System Model

Figure 1 depicts a baseband equivalent transmitter model of
the base station in a DS-CDMA system. For ease of de-
scription, we will call the DS-CDMA system that uses OPN
sequences and PN sequences as the spreading sequence or-
thogonal spreading system (OSS) and random spreading
system (RSS), respectively. The IMT-2000 system employs
orthogonal variable spreading factor (OVSF) codes as the
spreading code [5], while the IS-95 system employs orthog-
onal codes with a fixed length [7]. However, the perfor-
mance difference between the two spreading systems can be
evaluated similarly by using orthogonal codes with different
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(a) OSS

(b) RSS

Fig. 1 Baseband transmitter model of DS-CDMA base station.

length. Thus, we assume that all the users employ orthog-
onal codes with the same length for ease of analysis. The
transmitter employs a convolutional channel encoder with
constraint length K and a block interleaver with depth D
and width W. When no channel coding is employed, the
interleaver is also excluded.

When there exist M users, a baseband equivalent trans-
mit signal x(t) can be expressed as

x(t) =
M∑

i=1

xi(t)ci(t) (1)

where xi(t) and ci(t) are respectively the data and spreading
signal of the i-th user represented as

xi(t) =
√

Ec/Tc

∞∑
k=−∞

xi,k pT (t − kT ) (2)

ci(t) =


∞∑

n=−∞
wi[n]q[n]pTc (t − nTc), OS S

∞∑
n=−∞

gi[n]pTc (t − nTc), RS S .
(3)

Here, Ec is the transmit energy per chip, xi,k is the i-th user’s
message signal having a value of 1 or −1 at time t=kT , T
and Tc are respectively the symbol and chip duration time,
N is the spreading factor, i.e., N = T /Tc, pT (t) is a rectangu-
lar pulse with unit amplitude for t ∈ [0 T ), wi[n] is bipolar
Walsh sequence of length N, having a value of 1 or −1, as-
signed to the i-th user at time t = nTc in the OSS, q[n] is
a complex PN scrambling sequence with |q[n]|=1 assigned
to the cell in the OSS, and gi[n] is a complex PN sequence
with |gi[n]|=1 assigned to the i-th user in the RSS.

We assume that the delay of multipaths is spaced by an
integer multiple of the chip time for ease of analysis. Even
when the path delay is not a multiple integer number of the
chip time, the receiver performance can also be investigated
using a similar method. The impulse response of a time-
varying multipath channel at time t can be represented as

h(t, τ) =
L−1∑
l=0

hl(t − dlTc)δ(τ − dlTc)

=

L−1∑
l=0

αl(t − dlTc)e jφl(t−dlTc)δ(τ − dlTc) (4)

where αl(t) and φl(t) are the channel gain and phase of the l-
th path at time t, respectively, L is the number of the channel
propagation paths, δ(t) is Dirac delta function, and dl is an
integer value. The received signal r(t) at the receiver front-
end can be represented as

r(t) =
L−1∑
l=0

hl(t − dlTc)x(t − dlTc) + n(t) (5)

where n(t) represents the noise term including background
additive white Gaussian noise (AWGN) with zero mean
and variance N0 and inter-cell interference with zero mean
and variance ρMEc. Here, ρ is the power ratio of the re-
ceived inter-cell signal to intra-cell signal. Approximating
the inter-cells’ interference as an AWGN, n(t) can be ap-
proximated as a zero mean AWGN with variance

σ2
n = N0 + ρMEc = ςMEc. (6)
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Assuming the use of an L-finger rake receiver with per-
fect channel estimation, we can represent the maximal ratio
combined output yi[k] of the i-th user at the k-th symbol time
as

yi[k] =
L−1∑
l=0

Re


(k+1)T∫
kT

r(t + dlTc)c∗i (t)h∗l [k]dt


=

L−1∑
l=0

(
si,l[k] + ii,l[k] + mi,l[k] + ui,l[k] + ni,l[k]

)
= si[k] + ii[k] + mi[k] + ui[k] + ni[k] (7)

where the superscript * denotes complex conjugate and hl[k]
is the sampled value of hl(t) at time t = kT . Here, si[k] is
the desired i-th user signal represented as

si[k] =
L−1∑
l=0

si,l[k]

=

L−1∑
l=0

Re


(k+1)T∫
kT

xi(t) |ci(t)|2 |hl[k]|2 dt


= xi,kN

√
EcTc

L−1∑
l=0

α2
l [k]. (8)

The variable ii[k] represents the total self-interference
from the desired user signal

ii[k] =
L−1∑
l=0

ii,l[k]

=

L−1∑
l=0

Re


(k+1)T∫
kT

L−1∑
p=0,p�l

xi(t − (dp − dl)Tc)

· ci(t − (dp − dl)Tc)c∗i (t)hp[k]h∗l [k]dt
}

(9)

where ii,l[k] is the self-interference generated in the l-th fin-
ger. Note that the samples xi,k−1 and xi,k+1 are required to
calculate ii,l[k] since the symbol timing of the p-th path sig-
nal is not exactly aligned with that of the l-th path signal.
However, since the multiplication term ci(t−(dp−dl)Tc)c∗i (t)
in (9) is already randomized, the statistical property of ii,l[k]
is nearly unchanged with the use of xi,k instead of xi,k−1 or
xi,k+1. Thus, ii,l[k] can be represented as (10) at the bottom
of the page.

Denoting mi,l[k] by the intra-cell interference at the l-th
finger due to the l-th path signal, the intra-cell interference
mi[k] from other users in the same cell with the same time
delay as the desired signal can be represented as (11). Note
that all the terms except α2

l [k] in mi,l[k] are the same irre-
spective of l in the RSS contrary to the results in [3], [4].

Denoting ui,l[k] by the intra-cell interference at the l-
th finger from all the signals except the l-th path signal, the
intra-cell interference ui[k], which has a path delay different
from that of the desired signal, can be represented as (12).

The variable ni[k] denotes the total interference due to
the inter-cell interference and background noise terms

ni[k] =
L−1∑
l=0

Re


(k+1)T∫
kT

n(t + dlTc)c∗i (t)h∗l [k]dt

. (13)

Assuming a large number of active users, the interfer-
ence signal terms can be approximated as a Gaussian ran-
dom variable by invoking the central limit theorem. Al-
though the two spreading systems do not have the interfer-
ence terms having identical autocorrelation characteristics,
it can easily be shown that the variance of each interference

ii,l[k] =


Re

{
L−1∑

p=0, p�l
hp[k]h∗l [k]

N−1∑
z=0

√
EcTc xi,kwi[np,z]wi[nl,z]e j(ϕ[np,z]−ϕ[nl,z])

}
, OS S

Re

{
L−1∑

p=0, p�l
hp[k]h∗l [k]

N−1∑
z=0

√
EcTc xi,ke j(ψi[np,z]−ψi[nl,z])

}
, RS S

(10)

mi[k] =
L−1∑
l=0

mi,l[k] =
L−1∑
l=0

Re


(k+1)T∫
kT

M∑
q=1,q�i

xq(t)cq(t)c∗i (t) |hl[k]|2 dt


=


0, OS S(

L−1∑
l=0

α2
l [k]

) (√
EcTc

M∑
q=1, q�i

xq,k

N−1∑
z=0

Re
{
e j(ψq[kN+z]−ψi[kN+z])

})
, RS S (11)

ui[k] =
L−1∑
l=0

ui,l[k] =
L−1∑
l=0

Re


(k+1)T∫
kT

M∑
q=1, q�i

L−1∑
p=0,p�i

xq(t − (dp − dl)Tc)cq(t − (dp − dl)Tc)c∗i (t)hp[k]h∗l [k]dt



=


L−1∑
l=0

Re

{
M∑

q=1, q�i

L−1∑
p=0, p�l

hp[k]h∗
l
[k]

N−1∑
z=0

√
EcTc xq,kwi[nl,z]wq[np,z]e j(ϕ[np,z]−ϕ[nl,z])

}
, OS S

L−1∑
l=0

Re

{
M∑

q=1, q�i

L−1∑
p=0, p�l

hp[k]h∗
l
[k]

N−1∑
z=0

√
EcTc xq,ke j(ψq[np,z]−ψi[nl,z])

}
, RS S

(12)
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term is equal except mi[k] irrespective of the spreading se-
quence, i.e.,

var{ii[k]} = 1
2

EcTcN
L−1∑
l=0

L−1∑
p=0, p�l

α2
l [k]α2

p[k]

var {mi[k]} =


0, OS S

1
2 EcTcN(M − 1)

{
L−1∑
l=0

α2
l [k]

}2

, RS S

var {ui[k]} = 1
2

EcTcN(M − 1)
L−1∑
l=0

L−1∑
p=0, p�l

α2
l [k]α2

p[k]

var {ni[k]} = ςEcTcNM
2

L−1∑
l=0

α2
l [k]. (14)

This implies that the performance difference between
the two spreading systems is due to mi[k]. Since all mi,l[k]’s
are the same irrespective of l except α2

l [k] in the RSS, the
interference effect will be aggregated, significantly enhanc-
ing the interference power. Note that this issue is underesti-
mated in [3], [4],

var {mi[k]} =


0, OS S

1
2 EcTcN(M − 1)

L−1∑
l=0

α4
l [k], RS S .

(15)

3. Performance of Uncoded Systems

In a multi-path channel with channel gain �α ={α0[k], α1[k],
. . . , αL−1[k]}, the conditional SIR λ(�α) can be represented as
(16) at the bottom of the page. Here, χ is equal to 0 and 1 in
the OSS and RSS, respectively.

The BER of a coherent BPSK receiver can be calcu-
lated by

Pb =

∞∫
0

pb(�α) f (�α)d�α (17)

where f (�α) is the probability density function of associated
with the fading characteristics of the channel and pb(�α) is
the conditional bit error probability of the coherent BPSK
receiver for a given �α represented as [6]

pb(�α) = Q
(√

λ(�α)
)
. (18)

Here, Q (x) = 1√
2π

∞∫
x

e−t2/2dt . Although Pb cannot be ex-

pressed in a closed form, it can be calculated by using the

λ(�α) =
s2

i [k]

var{yi[k]} ≈
2N

(
L−1∑
l=0

α2
l [k]

)2

χ(M − 1)

(
L−1∑
l=0

α2
l [k]

)2
+ M

L−1∑
l=0

L−1∑
p=0,p�l

α2
l [k]α2

p[k] + ςM
L−1∑
l=0

α2
l [k]

(16)

Monte Carlo method.
In order for the two spreading systems to have the same

BER, both systems should have the same conditional λ(�α).
This happens when the denominator in (16) of the two sys-
tems is equal, i.e.,

(MR − 1)


L−1∑
l=0

α2
l


2

+ MR

L−1∑
l=0

L−1∑
p=0,p�l

α2
l α

2
p + ςMR

L−1∑
l=0

α2
l

= MO

L−1∑
l=0

L−1∑
p=0,p�l

α2
l α

2
p + ςMO

L−1∑
l=0

α2
l (19)

where MR and MO denote the number of users in the RSS
and OSS, respectively, and the time index k is removed for
ease of description. Since it can be assumed that the channel
is interference-limited, the background noise term can be
neglected (i.e., N0 = 0). Letting η be

η =

L−1∑
l=0

α4
l

/L−1∑
l=0

L−1∑
p=0,p�l

α2
l α

2
p (20)

we can rewrite (19) in a single-cell environment as

MO = (MR − 1)(1 + η) + MR. (21)

Since

L−1∑
l=0

α4
l −

1
L − 1

L−1∑
l=0

L−1∑
p=0,p�l

α2
l α

2
p

=
1

L − 1

L−1∑
l=0

L−1∑
p=l+1

(α2
l − α2

p)2

≥ 0 (22)

for L ≥ 2, it can be shown that

η =
MO − 2MR + 1

MR − 1
≥ 1

L − 1
. (23)

Therefore, the number of users serviced by the OSS and
RSS can be related as

MO ≥ (2 +
1

L − 1
)MR − L

L − 1
, L ≥ 2. (24)

The capacity difference between the two spreading sys-
tems comes from the fact that the additional interference

term

(
L−1∑
l=0

α2
l

)2
due to the use of PN spreading sequences is

larger than total interference term

(
L−1∑
l=0

L−1∑
p=0,p�l

α2
l α

2
p

)
in the
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Fig. 2 The performance of uncoded DS-CDMA systems in a single-cell
environment.

OSS. This implies that the OSS can support the users at
least two times more than the RSS in a single-cell envi-
ronment. As the number of multipaths decreases, the term
(2+ 1/(L − 1)) in (24) increases and thus the capacity differ-
ence between the two systems becomes larger. In particular,
when L is equal to one, η becomes infinite, resulting in huge
capacity difference between the two spreading systems since
there is no intra-cell interference in the OSS.

To verify the performance analysis, computer simula-
tion is performed on the IS-95 system in Rayleigh fading
channels with equal path gain on the average and the maxi-
mum Doppler frequency of 50 Hz [7]. We assume that large-
scale fading is perfectly compensated and that the receiver
is operating with perfect carrier and timing synchronization,
and ideal channel estimation. In practice, the base station
sends a common pilot signal with power higher than that of
the user signal [7]–[9], [12]. The receiver can obtain accu-
rate information on the timing, phase and channel impulse
response from this pilot signal. We neglect the background
noise term since the interference from other users is usu-
ally much larger than the background noise [12]. Walsh
sequences of length 64 are employed as the orthogonal se-
quence in the OSS system and maximal-length sequence of
length 215 − 1 is used for PN sequences in both systems.

The BER performance of the OSS and the RSS is com-
pared as a function of the number of users in Fig. 2, where
the analytic result (18) is also depicted as “Analysis.” Since
the interference term in the OSS becomes zero in the sin-
gle path channel, the BER of the OSS is very low. Thus,
we do not show the BER when L=1. At a BER of 10−3, it
can be seen that the OSS can support the users about two
(in the case of ten multipaths) or three (in the case of two
multipaths) times more than the RSS.

Figure 3 depicts the BER performance when there is
no background noise and ς = 0.5 and 2, corresponding to
a mobile at a distance of one half and one radius of the
cell from the base station, respectively [8]. It can be seen
from Fig. 3(a) that the OSS can support the users about 1.5
and 1.75 times more than the RSS at a BER of 10−2 in the
single-path and ten-path channel, respectively. It can also
be seen from Fig. 3(b) that, when the mobile is near the cell

(a) When ς = 0.5

(b) When ς = 2.0

Fig. 3 The performance of uncoded DS-CDMA systems in a multi-cell
environment.

boundary, the capacity difference between the two spread-
ing systems becomes reduced. This is mainly due to the
fact that total interference in the OSS is more affected by
the inter-cell interference than by the intra-cell interference.
Note that, however, there is still noticeable difference in the
user capacity between the two spreading systems. In addi-
tion, contrary to the single-cell environment, it can be seen
that the BER performance becomes improved as the num-
ber of multipaths increases, particularly at low BER. This is
mainly due to the multipath diversity effect obtained in the
multi-cell environment.

4. Performance of Convolutionally Coded Systems

When a convolutional code is employed with perfect inter-
leaving, the error probability associated with Hamming dis-
tance d can be calculated by [6]

P(d) =

∞∫
0

p(�α, d) f (�α)d�α (25)

where p(�α, d) is the conditional error probability of an error
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Fig. 4 The performance of convolutionally coded DS-CDMA systems in
a single-cell environment.

sequence associated with channel gain �α, which can be rep-
resented as (26) at the bottom of the page. Although P(d)
cannot be expressed in a closed form, it can be obtained us-
ing the Monte Carlo method as in the uncoded case.

Figure 4 depicts the BER performance of the two
spreading systems in a single-cell environment when a con-
volutional code with K=9 and r=1/2 is employed. Note that
the BER performance may vary depending on K and r, but
the difference in the user capacity is little. It was reported
that the BER is bounded by [10]

Pb ≤
∞∑

d=12

cd P(d)

= 33P(12) + 281P(14) + 2179P(16) + . . . (27)

where cd denotes the number of total erroneous bits corre-
sponding to Hamming distance d. Note that (24) is still valid
with the use of convolutional codes in a single-cell environ-
ment. For sufficient interleaving, we consider the use of an
interleaver with width W=500 and depth D=300 assuming
that the maximum Doppler frequency is 300 Hz. The depth
of the Viterbi decoder is set to 100 to obtain a sufficient cod-
ing gain. Assuming that the transmit power of all the users
is equal in the single-cell environment, the BER of the de-
sired user data in the OSS is very low even when the num-
ber of users is maximum (=64), i.e., the number of possible
orthogonal codes. To verify this condition, it may take a
very long time to get the simulation result. This problem

p(�α, d) = Q
( √

λ(�α, d)
)
= Q


√√√

d∑
k=1

si[k]


2/

var


d∑

k=1

yi[k]




= Q



√√√√√√√√√√√√√√√ 2N

(
d∑

k=1

L−1∑
l=0

α2
l [k]

)2
d∑

k=1

χ (M − 1)

(
L−1∑
l=0

α2
l [k]

)2
+ M

(
L−1∑
l=0

L−1∑
p=0, p�l

α2
l [k]α2

p[k]

)
+ ςM

(
L−1∑
l=0

α2
l [k]

)


(26)

can be alleviated by evaluating the capacity of the OSS and
the RSS at a BER of 10−4 while keeping the signal power
of other users twice that of the desired user. Other simula-
tion conditions are the same as those of the uncoded case.
It can be seen that the analytic BER is higher than the ac-
tual one since the bit error probability is analyzed using a
loose upper bound (27) [11]. This difference decreases as
the BER decreases since the bit errors are mostly caused by
error sequences having a minimum distance. This differ-
ence also decreases as the number of multipaths increases
since the central limit theorem works well. If the back-
ground noise effect is ignored, the desired and interference
signals experience the same fading, providing no multipath
diversity effect. Since the Viterbi decoder produces the out-
put with a delay equal to the decoding depth, the impulse
response of the fading channel can vary during this time in-
terval. Since this delay can produce some diversity effect,
λ(�α, d) increases as the number of multipaths increases in
the RSS. On the other hand, as the number of channel paths
increases in the OSS, λ(�α, d) decreases because the orthog-
onality corruption effect is larger than the diversity effect. It
can be seen from Fig. 4 that the OSS can support users at
least two times more than the RSS at a BER of 10−4.

Figure 5 depicts the BER performance in a multi-cell
environment, where the transmit power is equally allocated
to all the users and other simulation condition is the same
as that of Fig. 3. As in the uncoded case, it can be seen
that the performance gap between the two spreading systems
decreases as the mobile moves away from the base station.
However, since there is large performance gap between the
two spreading systems, it is still desirable to use orthogonal
sequences as the spreading sequence even when the inter-
cell interference is large and the channel has a large number
of multipaths. It is expected that this effect can also be ap-
plied to the IMT-2000 system that employs the OVSF code
as the spreading sequence since the results are valid inde-
pendent of the code length of orthogonal and PN sequences.

Although the background noise is usually negligible
in the downlink DS-CDMA system [12], we also consider
the receiver performance when the background noise is not
negligible. The BER performance is depicted in Fig. 6 in
a single-cell environment as a function of Eb/N0, where Eb

is the energy per bit. It can be seen that the OSS provides
the BER performance significantly better than the RSS. The
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(a) When ς = 0.5

(b) When ς = 2.0

Fig. 5 The performance of convolutionally coded DS-CDMA systems in
a multi-cell environment.

difference between the two spreading systems increases as
Eb/N0 increases since the effect of the background noise de-
creases compared to that of the intra-cell interference. Note
also that the performance difference is increased for large
M since the RSS suffers from large intra-cell interference.
This implies that the background noise affects the receiver
performance similar to the inter-cell interference.

5. Conclusions

The performance of the forward link DS-CDMA system
strongly depends upon the characteristics of the spreading
sequences assigned to each user. In this paper, the SIR and
BER performance of the forward link in the DS-CDMA sys-
tem is evaluated when concatenated orthogonal/PN and PN
sequences are used as the spreading sequence with and with-
out the use of convolutional coding. Contrary to the previ-
ous results [3,4], it has been shown that the use of orthogonal
spreading sequences can provide the system capacity at least
two times larger than the use of PN spreading sequences
in the single-cell environment even when the channel has a

(a) When M = 20

(b) When M =40

Fig. 6 The performance of convolutionally coded DS-CDMA systems
under the background noise.

large number of multipaths. Moreover, there is still signifi-
cant difference in the user capacity between the two spread-
ing systems even in the multi-cell environment. It is highly
desirable to use concatenated orthogonal/PN codes as the
spreading sequence in the forward link of the DS-CDMA
system including the IMT-2000 system.
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