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PAPER

Reverse Link Bandwidth Efficiency of a Spectrally

Overlapped CDMA System

Duk Kyung KIM†, Nonmember and Fumiyuki ADACHI††, Member

SUMMARY The reverse link bandwidth efficiency of a spec-
trally overlapped CDMA system with fast transmit power control
is evaluated to find the optimum overlapping, where the band-
width efficiency is defined as the maximum aggregate bit rate of
all subsystems per unit bandwidth (bps/Hz). Single and mul-
tiple cell environments are considered. Besides the rectangular
chip pulse, the impact of a pulse-shaping filter is discussed. It
is found that the raised cosine spectrum pulse shaping helps to
increase the bandwidth efficiency and strict pulse shaping fil-
ter problem can be avoided if a large number of subsystems are
overlapped. It is also found that the optimum carrier spacing
remains unchanged irrespective of the power delay profile shape
of the multipath channel, whether multipath fading exists or not,
and whether a single cell or multiple cell system is considered.
However, the bandwidth efficiency strongly depends on them and
the impacts of the related parameters are discussed.
key words: Spectrally overlapped CDMA system, pulse shaping

�lter, fast power control, multiple cell, multipath fading

1. Introduction

After successful launch of the second generation mo-
bile communications systems such as GSM, PDC, and
IS-95, the number of subscribers has been dramatically
increasing [1]. Furthermore, in 2001 a new-generation
system called International Mobile Telecommunications
(IMT)-2000 is expected to start service and extend ser-
vice capabilities from voice and low rate data to multi-
media and high rate data [2]. However, unfortunately,
the frequency bandwidth allocated to each operator is
limited and therefore, it is quite important how to effi-
ciently use the given bandwidth, i.e., how to maximize
the supportable number of users (or the aggregate data
rate) with a given bandwidth.

One of attractive features of direct sequence code
division multiple access (DS-CDMA or shortly CDMA),
which is strongly considered for IMT-2000 systems [3],
is the coexistence with other CDMA systems operat-
ing in the same frequency band [4], [5]. Observing
the spectrum of CDMA signal, we can find that the
power is mainly concentrated around the center of the
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band. And therefore, overlapping the spreading bands
of neighboring subsystems is expected to yield a certain
amount of increase in bandwidth efficiency. One of its
realization is overlaid multiband CDMA systems [5],
where 5/10/20 MHz bands are overlapped to flexibly
accommodate a variety of services, additionally yielding
a small gain in bandwidth efficiency [6]. Another way
is to partially overlap a number of narrowband CDMA
subsystems. Shilling and Pickholtz [7] first suggested
such overlapped systems. Han and Kim [8], [9] found
out that the optimal amount of overlapping is half null-
to-null (i.e., main robe) bandwidth for a rectangular
chip pulse shaping and that the optimum number of
overlapped subsystems exists in a multipath fading en-
vironment. They also compared its performance with
that of a single wideband CDMA system to show that
whether a spectrally overlapped system can yield bet-
ter performance or not depends on the bit error rate
requirement and propagation channel model. However,
these works didn’t take into account the chip pulse
shaping filter and fast transmit power control (TPC),
and furthermore focused on a single cell environment.
Therefore, the impacts of the chip pulse shaping filter,
the fast TPC, and other cell interference are still in
question. All of these questions are answered in this
paper.

In this paper, we introduce the bandwidth effi-
ciency defined as the maximum aggregate bit rate of
all subsystems per unit bandwidth (bps/Hz) and evalu-
ate the reverse link bandwidth efficiency of a spectrally
overlapped CDMA system with signal-to-interference
ratio (SIR)-based fast TPC in multiple cell and mul-
tipath fading environments. For computing the inter-
ference power assuming arbitrary chip pulse shape, ar-
bitrary spreading bandwidth, and arbitrary frequency
overlapping, Adachi and Kim’s computing method [10]
is applied. For analyzing the bandwidth efficiency of a
multiple cell system with SIR-based fast TPC, we ap-
ply Kim and Sung’s methodology proposed for the re-
verse link capacity estimation [11], [12]. In this paper,
then, we discuss the effect of the pulse shaping filter
and how much gain in the bandwidth efficiency can be
obtained by spectral overlapping. Also discussed are
the impacts of the number of overlapped subsystems,
the TPC target of signal energy per information bit-
to-interference plus background noise power spectrum
density ratio Eb/Io, and propagation parameters (path
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Fig. 1 System model: An example case.

loss exponent and shadowing standard deviation), and
the number of Rake fingers.

This paper is organized as follows. Section 2 de-
scribes the system considered and investigates the im-
pact of pulse shaping filter on interference suppression
factor, wherein raised cosine spectrum pulse shaping is
considered. Section 3 examines a non-fading channel
as a first step for evaluation, which provides easy un-
derstanding as well as the performance upper bound
for a multipath fading channel. Then, Sect. 4 extends
the analysis to multipath Rayleigh fading channels with
uniform and exponential power delay profiles and ex-
amines the impact of multipath fading. Section 5 com-
pares the bandwidth efficiencies for both non-fading
and multipath fading environments and investigates the
effects of various parameters such as the roll-off factor of
raised cosine spectrum pulse shaping filter, the number
of overlapped subsystems, the target Eb/Io, the prop-
agation parameters, and the number of Rake fingers.
Finally, we draw our conclusions in Sect. 6.

2. System Description

2.1 Cell Configuration

The followings are assumed for cell configuration:

• Ideal hexagonal cell structure with a unit cell ra-
dius.

• The zero-th cell and 18 other cells indexed t in the
first and second tiers.

• Users are uniformly distributed in space.
• The path loss exponent of µ and the log-normal
shadowing with standard deviation σ dB and mean
= 0 dB.

• The best cell site that has the least product of path
loss and shadowing is always selected to commu-
nicate with (this is equivalent to selection type of
soft handoff).

2.2 Spectrally Overlapped System

Figure 1 illustrates an example case of overlapped
CDMA system, where only two neighboring subsystems
are overlapped and the total number of subsystems is
K. All subsystems are assumed to have identical chip
rate 1/Tc and identical pulse shaping, i.e., the spread-
ing bandwidth B of each subsystem is the same. In

this paper, all subsystems are equally spaced in carrier
frequency and the carrier spacing is denoted by ∆fc. If
∆fc is less than the spreading bandwidth B, the neigh-
boring subsystems are overlapped. The total spreading
bandwidth W can be given by

W =
B

2
+ (K − 1)∆fc +

B

2
= B + (K − 1)∆fc. (1)

2.3 Impact of Pulse Shaping Filter

The spectrum of CDMA signal depends on the chip
pulse shaping filter and hence, it is clear that the per-
formance of a overlapped system varies according to the
characteristic of the chip pulse shaping filter. In CDMA
systems, the interference power after receiver matched
filtering is reduced to ξ

F P for random spreading code,
where P is the received interference power at the re-
ceiver input, F is the spreading factor, and ξ(≤ 1) is the
interference suppression factor. The interference sup-
pression factor depends on the characteristic of pulse
shaping filter and can be computed using [10] (how to
compute the interference suppression factor is summa-
rized in Appendix A). In this paper, the overall filter
response is assumed to satisfy the Nyquist condition so
that the inter-symbol interference (ISI)-free condition
is kept. The transmit and receive filters are assumed
to be the square root of Nyquist filter.

The raised cosine spectrum shape is widely used
in practice and the composite transfer function H(f)
of transmitter and receiver filters is given by [13]

H(f) =


1 , for 0 ≤ |f − fc| < 1−α

2Tc
,

1
2

[
1− sin

(
2π|f−fc|Tc−π

2α

)]
, for 1−α

2Tc
≤ |f − fc| ≤ 1+α

2Tc
,

0 , otherwise,

(2)

where α (0 ≤ α ≤ 1) is the roll-off factor and fc is the
carrier center frequency. The pass band and accord-
ingly, spreading bandwidth B becomes (1 + α)/Tc. On
the other hand, for the case of rectangular chip pulse
as assumed in [8], [9], Eq. (2) can be rewritten as

H(f) =
[
sin(π(f − fc)Tc)
π(f − fc)Tc

]2
, (3)

for which, the spreading bandwidth B is defined as the
main robe bandwidth and set B = 2/Tc.

The interference suppression factor ξii from a user
to another user both in the same subsystem is given by
from Appendix A and also [14]

ξii =
{

1− α
4 , for a raised cosine spectrum pulse,

2/3 , for a rectangular pulse.

Figure 2 shows the interference suppression factor
ξ21 for a raised cosine spectrum pulse shaping filter and
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Fig. 2 Interference suppression factors ξ21 versus the normal-
ized carrier spacing ∆fcTc for a raised cosine spectrum pulse
shaping filter and a rectangular pulse.

a rectangular chip pulse as a function of the normalized
carrier spacing ∆fcTc. This result can be directly used
for any two subsystems i and j. For α = 0, the inter-
ference suppression factor linearly decreases as ∆fcTc
increases (this can be easily understood from the fact
that the filter frequency response becomes rectangular
shape in this case). However, nonlinear decrease can
be observed for other values of α, especially around
the region where ∆fcTc ≤ 0.2 or ∆fcTc ≥ 0.8, due to
slow decay of filter frequency response near bandwidth
boundaries (see the shape of filter frequency response in
Fig. 1). In the case of rectangular chip pulse, it is inter-
esting to note that the interference suppression factor
is non-zero even when ∆fcTc approaches 2 because this
pulse is time-limited.

3. Reverse Link Bandwidth Efficiency in a
Non-fading Environment

Let’s first consider a non-fading environment. A sin-
gle type of constant bit rate (CBR) traffic is considered
for K overlapped subsystems, where the information
bit rate is the same for all users and is denoted as Rb

(bps) and all subsystems have the same processing gain
of G (defined as the chip rate/information bit rate =
(RbTc)−1). Let’s consider Nk users are in communica-
tion in a subsystem k and their received signal power
at the home BS is denoted as Sk, which is a random
variable according to the interference level in SIR-based
fast TPC systems.

3.1 Eb/Io Equation

Eb/Io of users in a subsystem m can be expressed as(
Eb

Io

)
m

�
=

GSm∑K
k=1 ξkmNkSk − ξmmSm + Im + 1

,(4)

where Im is the other cell interference power con-
tributed from all subsystems k = 1 ∼ K to a subsys-
tem m. ξkm is the interference suppression factor from
a subsystem k to a subsystem m and is derived in Ap-
pendix A. It is noted that, in Eq. (4), signal power and
interference power are normalized by the background
noise power ηo/Tc (the equivalent noise bandwidth is
the same for both raised cosine Nyquist spectrum chip
pulse shaping filter and the rectangular chip pulse and
is given by 1/Tc), where ηo/2 is the two-sided back-
ground noise power spectrum density (thus, now Sm
and Im denote the signal-to-noise power ratio (SNR)
and the interference-to-noise power ratio (INR), respec-
tively). The definition in Eq. (4) is based on a Gaussian
density approximation to evaluate the bit error rate
(BER) in an asynchronous DS-CDMA system when an
additive white Gaussian noise (AWGN) process and a
random signature sequences are assumed.

3.2 Statistics of the Signal Power with SIR-based Fast
TPC

The link is assumed to enter an outage state if the re-
quired signal power level is greater than the maximum
allowable value Smax or mathematically if it is below
zero (when too many users are accommodated in a sys-
tem, the required signal power level can be calculated
as a negative value [11], [12]). We need to know E[Sm]
and E[S2m] to compute the outage probability. How to
obtain them is described below.

A Gaussian model is adopted for other cell inter-
ference power Im in a subsystem m. From Eqs. (A· 2)
and (A· 3) in Appendix B, the mean mIm

and variance
σ2Im

of Im can be expressed using E[Sm] and E[S2m] as:

mIm
= M(µ, σ)

K∑
k=1

ξkmNkE[Sk], (5)

σ2Im
=

K∑
k=1

ξ2kmNk

(
A(µ, σ)E[S2k]

−B(µ, σ)E2[Sk]
)
, (6)

where E[·] denotes the ensemble average. The above
equations are used to compute E[Sm] and E[S2m].

Assuming all users are power controlled to main-
tain minimum power levels satisfying (Eb/Io)m = γ,
Eq. (4) can be rewritten as

K∑
k=1

ξkmNkSk + Im + 1

=
(
ξmm +

G

γ

)
Sm, for all m. (7)

By taking the expectation of both sides of Eq. (7) and
by substituting Eq. (5) into Eq. (7), the following
relations are obtained



KIM and ADACHI: REVERSE LINK BANDWIDTH EFFICIENCY OF A SPECTRALLY
761

(1 +M(µ, σ))
K∑
k=1

ξkmNkE[Sk] + 1 =(
ξmm +

G

γ

)
E[Sm], for all m. (8)

By solving Eq. (8), E[Sm] is obtained.
To compute E[S2m], we first express Eq. (7) as

AS = B, (9)

where

S =

 S1
...

SK

 ,

A is a K ×K matrix, and B is a K × 1 column vector.
The elements amk of A can be given by

amk =
{

ξmm + G
γ − ξmmNm , if m = k

−ξkmNk , otherwise
(10)

and the elements bk of B can be expressed as

bk = Ik + 1. (11)

From Eq. (9), S can be obtained by

S = A−1B
�
= CB. (12)

Therefore, Sm can be expressed as the weighted sum of
INR in each subsystem. If the other cell interference in
each subsystem is assumed to be mutually independent
one another, the variance of Sm can be obtained as the
sum of the variances of other cell interference. Hence
E[S2m] can be easily obtained from Eq. (12):

E[S2m] =
K∑
k=1

c2mkσ
2
Ik

+ E2[Sm], (13)

where cmk is an element in the m-th row and k-th col-
umn of C.

After obtaining E[Sm] for all m from Eq. (8), the
steps for calculation of E[S2m] are as follows:

1. Set all σ2Im
at zeros.

2. Calculate E[S2m] from Eq. (13).
3. Calculate σ2Im

from Eq. (6).
4. Repeat steps 2 and 3 until the difference between

old and new values of E[S2m] is within a given
bound. For numerical examples, the difference is
set to be less than 1 %.

3.3 Computing the Bandwidth Efficiency

From the mean and variance statistics of Sm for all m
from Eqs. (8) and (13), the outage probability can be
obtained for each subsystem [11]. If Pk,out is the outage
probability of a subsystem k and N is the matrix of Nk

(1 ≤ k ≤ K), the admissible region can be expressed as
N satisfying

Pk,out ≤ o, for all k, (14)

where o is the maximum allowable outage probability
and is assumed to be the same for all k for simplicity.
Now, let the link capacity be Nmax which is the sum of
Nk,max for all k. We introduce the bandwidth efficiency
as a performance measure:

η
�
=

Rb

∑K
k=1Nk,max

W

�
=

Nmax/G

WTc
(bps/Hz), (15)

where Rb is the information bit rate of each user.

4. Multipath Fading Environment

Now let’s consider a multipath fading environment.
First, multipath Rayleigh fading channel is character-
ized by two power delay profiles: Uniform and expo-
nential power delay profiles. Then, instantaneous re-
ceived signal power is derived under ideal fast TPC
with a Rake receiver with R finger based on maximal
ratio combining. The sum of interference from other
users is well approximated as a Gaussian noise, when
observed over a short-term time interval (which is de-
fined as a time interval necessary to remove the instan-
taneous channel variations due to fading but not to
remove those due to shadowing), due to central limit
theorem for a large number of users. So we use this ap-
proximation [16]–[18] and thus, the transmission qual-
ity represented by BER can be evaluated using the
signal energy per information bit-to-short term aver-
age interference plus background noise power spectrum
density ratio Eb/Io.

4.1 Channel Model

A DS-CDMA receiver can resolve the multipath chan-
nel into several frequency nonselective paths with dis-
crete time delays of a multiple of chip duration Tc. It is
assumed in this paper that each resolvable propagation
path endures the same attenuation according to the dis-
tance and the same shadowing. The equivalent lowpass
impulse response of the multipath fading channel be-
tween the user of interest and the BS can be expressed
as [18], [19]

h(t, τ ) =
∞∑
l=0

ξl(t)δ(τ − τl), (16)

where ξl(t) and τl are the complex-valued path gain and
time delay of the l-th path, respectively, and δ(x) is
the delta function. Since the fading maximum Doppler
frequency can in most practical cases be assumed to be
very low compared to the data modulation symbol rate
[19], the time dependency of the path gain is dropped
hereafter. If al denotes |ξl|2, al satisfies the following
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condition:
∞∑
l=0

E[al] = 1. (17)

Assuming a wide sense stationary uncorrelated scatter-
ing (WSSUS) channel model, al is exponentially dis-
tributed [13].

The multipath fading channel can be characterized
by its power delay profile. Two power delay profile
shapes are assumed in this paper: Uniform power delay
profile and exponential power delay profile.

E[al] =


1
L , 0 ≤ l ≤ L− 1

, for a uniform profile
(1− e−ε)e−εl, l ≥ 0

, for an exponential profile,

(18)

where L is the total number of paths in a uniform power
delay profile. In an exponential power delay profile, L
is implicitly set at infinity and ε is a decay factor. If 90
% of signal power can be captured on average by using
from zero-th path to the L90%-th path, L90% is equal
to 2.3/ε.

4.2 Instantaneous Received Signal Power

Let a(n)m,l denote the squared path gain of the l-th path

from n-th user in a subsystem m. a
(n)
m,l’s are exponen-

tially distributed and mutually independent for differ-
ent m, l, and n, whose means are determined only by
the path index l. The multipath fading experienced
after Rake combining with R fingers of n-th user in a
subsystem m can be represented by

X(n)
m

�
= a

(n)
m,0 + . . .+ a

(n)
m,R−1. (19)

Assuming ideal fast TPC, the transmit power is con-
trolled so that the instantaneous received signal power
becomes the minimum power level Sm satisfying the
received Eb/Io = the target value. Hence, the instan-
taneous signal power P̃

(n)
m received at antenna can be

expressed as [20]

P̃ (n)
m = Sm

[
1 +

a
(n)
m,R + . . .

X
(n)
m

]
. (20)

On the other hand, P̃
(n)
m is just Sm in a non-fading

environment.

4.3 Computing the Bandwidth Efficiency

Since assuming an ideal Rake combiner with R finger,
the Eb/Io of the zero-th user of the zero-th cell in a
subsystem m is the sum of the Eb/Io of each path and
can be expressed as [18], [19]:(

Eb

Io

)
m

=
R−1∑
r=0

(
Eb

Io

)
m,r

, (21)

where
(
Eb

Io

)
m,r

is the Eb/Io of r-th path in a subsystem

m and, from Eq. (20), is given by Eq. (22) at the top
of the next page, where Im is the other cell interference
power contributed from all subsystems k = 1 ∼ K to
a subsystem m. The statistical expectation in denomi-
nator is introduced to obtain short term average of the
interference from other users in the same cell. In Eq.
(22), we have assumed that all users’ received signals
are time asynchronous because of the reverse link and
that the time delay τl of the l-th path varies and thus,
all paths are considered time asynchronous. R paths
are selected to have the highest power on average.

For a large number of users, a(0)m,r in the denomina-
tor has a negligible impact and can be omitted. Since
a
(n)
k,l for l > M and X

(n)
k are mutually independent,

substitution of Eq. (22) into Eq. (21) yields(
Eb

Io

)
m

≈ GSm∑K
k=1 ξkmSkNk(1 +D) + Im + 1

, (23)

where D can be expressed as

D =
∞∑
l=R

E

[
a
(n)
k,l

X
(n)
k

]
�
= E[

1
X

]Da (24)

and Da is given by

Da
�
=

∞∑
l=R

E
[
a
(n)
k,l

]
=

{
(L−R) 1L , for the uniform profile
e−εR, for the exponential profile. (25)

Assuming all users are power controlled to main-
tain minimum power levels satisfying (Eb/Io)m = γ,
Eq. (23) can be rewritten as

K∑
k=1

ξkmSkNk(1 +D) + Im + 1

=
G

γ
Sm, for all m. (26)

From Eqs. (A· 5) and (A· 6), the mean mIm
and vari-

ance σ2Im
of Im can be expressed as:

mIm
= M(µ, σ)E[

1
X

]
K∑
k=1

ξkmNkE[Sk], (27)

σ2Im
= E2[

1
X

]
K∑
k=1

ξ2kmNk

(
A(µ, σ)E[S2k]

−B(µ, σ)E2[Sk]
)
. (28)

The remaining procedures to obtain E[Sm] and E[S2m]
are the same as in Sect. 3.

As a special case, in a single cell system, Eq. (26)
is simplified as
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(
Eb

Io

)
m,r

�
=

GSm
a
(0)
m,r

X
(0)
m∑K

k=1
ξkmSkE

[∑Nk−1

nk=0

∑∞
l=0

a
(nk)
k,l

X
(nk)
k

− a
(0)
m,r

X
(0)
m

]
+ Im + 1

, (22)

Table 1 System parameters

G 128
1/Tc 4.096 Mcps

γ 3.34 dB
Smax 0 dB

α (roll-off factor) 0.22
K 4
o 0.01
µ 4
σ 8 dB

K∑
k=1

ξkmSkNk(D + 1) + 1 =
G

γ
Sm, for all m. (29)

Since ξmm ≤ 1 and G
γ 
 ξmm, the bandwidth efficiency

in this case is just scaled down by a factor of 1/(1+D)
compared to a non-fading case in Eq. (7). Furthermore,
if R = L in a uniform power delay profile, D = 0 and
hence, the bandwidth efficiency is the same as in a non-
fading environment.

5. Numerical Examples

Table 1 shows the system parameters, which will be as-
sumed unless otherwise stated†. The chip rate is 4.096
Mcps and the maximum allowable outage probability
o is set at 0.01. The target Eb/Io depends on the re-
quired BER and the adopted performance-enhancing
technology. Referring to our computer simulation re-
sults [15], we assume γ of 3.34 dB, which corresponds
to the voice traffic requiring BER of 10−3 when a con-
volutional code of rate 1/3 and an interleaving length
of 10 msec are adopted. Although γ is likely to be-
come smaller in a non-fading environment than in a
multipath fading environment, the same value of γ is
assumed for numerical examples for a simple and direct
comparison.

First, Sect. 5.1 considers a non-fading case for dis-
cussing basic performance of a spectrally overlapped
system. The bandwidth efficiency is compared be-
tween raised cosine spectrum pulse and rectangular
chip pulse. And then, Sect. 5.2 proceeds to the eval-
uation for multipath fading and multiple cell environ-
ments.

†The effect of Smax can be found in [11] for a conven-
tional CDMA system
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Fig. 3 The bandwidth efficiency of a single cell system (K =
4) versus the normalized carrier spacing ∆fcTc for a raised cosine
spectrum pulse shaping filter and a rectangular chip pulse.

5.1 Non-fading Environment

5.1.1 Effect of the Roll-off Factor

Figure 3 shows the bandwidth efficiency as a function of
the normalized carrier spacing ∆fcTc for various values
of α, together with the case of rectangular chip pulse.
K is set at 4 for simplicity. The optimum overlapping
which maximizes the bandwidth efficiency differs ac-
cording to the value of α. For example, the optimum
overlapping is around ∆fcTc = 1.2 for α = 1, and it de-
creases as α decreases, and approaches around 1 for α =
0.22. The bandwidth efficiency at optimum overlapping
(called here maximum bandwidth efficiency) increases
as α decreases. For instance, α = 0 yields approxi-
mately 17 % bandwidth efficiency increase compared
to the case α = 1. If α = 0, overlapping does not give
any performance enhancement at all. Coincidentally,
the optimum carrier spacing is 1/Tc for a rectangular
chip pulse as well (i.e., ∆fcTc = 1), which is well con-
sistent with the previous results in [8], [9]. However,
it should be noted that in the case of rectangular chip
pulse, ∆fcTc = 1 represents that the optimal overlap-
ping is half the main robe bandwidth as in [8] but it
doesn’t in the case of raised cosine spectrum pulse be-
cause the main robe bandwidth comes to (1 + α)/Tc
as explained in Sect. 2.3. Table 2 compares the band-
width efficiency η0 of a perfectly overlapped system and
the maximum bandwidth efficiency for a single cell sys-
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Table 2 Comparison of the bandwidth efficiency at ∆fcTc =
0, η0, and the maximum bandwidth efficiency ηmax (Single cell
system: K = 4)

Rectangular Raised cosine filter
chip pulse α = 0 α = 0.22 α = 0.5 α = 1

η0 0.39 0.52 0.45 0.40 0.35
ηmax 0.48 0.52 0.50 0.47 0.45
ηmax

η0
1.23 1 1.11 1.18 1.29
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Fig. 4 The effect of the number K of overlapped subsystems
for a raised cosine spectrum pulse shape filter with α = 0.22.

tem with K = 4. η0 is equivalent to the bandwidth
efficiency of a conventional CDMA system. The ratio
representing the maximum gain obtainable by overlap-
ping is found to largely depend on the characteristic of
pulse shaping.

5.1.2 Effect of the Number of Overlapped Subsystems

The effect of the number K of overlapped subsystems is
investigated in Fig. 4, where α = 0.22 and equal num-
ber of users are assumed to be accommodated in each
subsystem. It is interesting to note that the optimum
overlapping is independent of K. However, as K in-
creases, the maximum bandwidth efficiency increases
and saturates. This will be discussed more in detail
later. The trends are different according to K, espe-
cially around ∆fcTc = 0.5.

To more easily understand this phenomenon, we
plot the total spreading bandwidth W and the maxi-
mum total number of users Nmax in Eq. (15) in Fig. 5.
While the total spreading bandwidth linearly increases
as ∆fcTc increases, nonlinear increase in Nmax can be
observed. Since the interference from other subsystems
is very small if ∆fcTc is larger than 1 (see Fig. 2), there
is only a slight increase in Nmax in this range. Similar
trend can be observed around ∆fcTc = 0.5 due to the
interaction between subsystems next but one to each
other. This kind of nonlinear increase in Nmax yields
different trends for different values of K in Fig. 4.

Figure 6 shows the bandwidth efficiency versus the
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Fig. 5 The total spreading bandwidth and the maximum total
number of users for various values of K (α = 0.22).
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Fig. 6 The effect of the number K of overlapped subsystems
for a rectangular chip pulse.

normalized carrier spacing ∆fcTc for various values of
K in the case of rectangular chip pulse. Similarly to
Fig. 4, there is no change in the optimum overlapping,
and the maximum bandwidth efficiency increases and
finally saturates as the value of ∆fcTc increases.

Figure 7 plots the maximum bandwidth efficiency
of the single cell system as a function of K for a rect-
angular chip pulse and a raised cosine spectrum pulse
shaping filter with α = 0.22. As indicated in Figs. 4
and 6, the maximum bandwidth efficiency increases
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Fig. 8 The bandwidth efficiency of a single cell system (K =
4 and α = 0.22) versus the normalized carrier spacing ∆fcTc for
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and eventually saturates as K increases. When K is
changed from 1 to 4, the maximum bandwidth effi-
ciency is increased by 24 % and 10 % for a rectangular
chip pulse and a raised cosine spectrum pulse shaping
filter with α = 0.22, respectively. Comparing the raised
cosine spectrum pulse shaping filter with the rectangu-
lar chip pulse, the former yields 17 % better perfor-
mance than the latter when K = 1. However, this gain
is reduced to 3.6 % and 1.6 % for K = 4 and 20, re-
spectively. Therefore, we can see that overlapping helps
not only increase the bandwidth efficiency but also mit-
igate the strict pulse shaping filter problem for large K.
Increasing K from 20 to 50 is found to yield only 0.6
% and 1.15 % bandwidth efficiency gain for a raised
cosine spectrum pulse shaping filter and a rectangular
chip pulse, respectively.

5.1.3 Effect of γ

Figure 8 illustrates the effect of γ on the bandwidth
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Fig. 9 The bandwidth efficiency for various values of propaga-
tion parameters µ and σ (K = 4 and α = 0.22).

efficiency of a single cell system with K = 4 and α =
0.22. There is no change in the optimum overlapping
for different values of γ. It can be easily understood,
from Eq. (7), that the bandwidth efficiency is inversely
proportional to γ.

5.1.4 Effect of Propagation Parameters µ and σ

Figure 9 shows the bandwidth efficiency of a multiple
cell system for various values of propagation parameters
µ and σ. For comparison, the bandwidth efficiency of
a single cell system is also plotted. In the multiple
cell system, propagation parameters affect the values of
M(µ, σ), A(µ, σ), and B(µ, σ) in Eqs. (A· 2) and (A· 3)
and therefore, influence the bandwidth efficiency while
they do not in the case of single cell system when fast
TPC is considered. The optimum overlapping remains
at the same value of ∆fcTc irrespective of propagation
parameters and it is the same as that of the single cell
system. For µ = 4 and σ = 8 dB, the multiple cell
bandwidth efficiency is approximately 60 % of the single
cell bandwidth efficiency, which has been already found
in [6], [11], [12].

5.2 Multipath Fading Environment

5.2.1 Comparison between Different Power Delay Pro-
file Shapes

Figure 10 shows the bandwidth efficiencies for single
and multiple cell systems in non-fading and multipath
fading environments when the numberR of Rake fingers
is equal to L (or L90%) and is set at 4. As discussed in
Sect. 4, the bandwidth efficiency of a single cell system
is the same for the fading case with a uniform power
delay profile and the non-fading case. Although multi-
path fading increases other cell interference power (see
Eqs. (27) and (28)) and accordingly, reduces the band-
width efficiency, it does not affect the optimum over-
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Fig. 11 The maximum bandwidth efficiencies of single and
multiple cell systems as a function of the number R of Rake
fingers (R = L = L90%, K = 4, and α = 0.22).

lapping. In a multipath fading environment with an
exponential power delay profile, uncaptured multipath
components reduce the bandwidth efficiency compared
to the case for a uniform power delay profile. The ef-
fect of the number of overlapped subsystems with fast
TPC is quite different from [8], [9] because fast TPC is
assumed to perfectly compensate the variation of the
received signal due to multipath fading.

5.2.2 Effect of the Number of Rake Fingers

Figure 11 shows the maximum bandwidth efficiency as
a function of the number R of Rake fingers where R
is equal to L (or L90%). With ideal fast TPC, since
E[1/X] in Eqs. (24), (27), and (28) becomes infinite
for L (or L90%) = 1, the bandwidth efficiency becomes
zero when L (or L90%) = 1 in the case of multiple cell
system (it is also zero when L90% = 1 in the case of
single cell system). As more number of resolvable paths
exist, the value E[1/X] decreases and therefore, a larger

bandwidth efficiency results. In a multiple cell system,
increasing R from 2 to 8 yields approximately 32 %
gain.

6. Conclusions

In this paper, the reverse link bandwidth efficiency
was evaluated for spectrally overlapped CDMA systems
with SIR-based fast TPC. The bandwidth efficiency
was computed first in a non-fading environment to find
the optimum overlapping, i.e., the optimum normalized
carrier spacing ∆fcTc, for various values of the roll-off
factor α of a raised cosine spectrum pulse shaping fil-
ter and was compared with the case of rectangular chip
pulse. Furthermore, the impact of multipath fading was
investigated assuming two different power delay profile
shapes for single and multiple cell systems.

It was found that the optimum overlapping does
not depend on the power delay profile shape, whether
multipath Rayleigh fading exists or not, and whether
a single cell or multiple cell system is considered, but
the bandwidth efficiency does. And the characteristic
of pulse shaping filter largely affects the optimum over-
lapping and the maximum bandwidth efficiency as well.
For example, it is around ∆fcTc = 1 for rectangular
chip pulse, but it differs according to α for a raised co-
sine spectrum pulse shaping filter and is around ∆fcTc
= 1 for α = 0.22. Also the number K of subsystems
impacts the bandwidth efficiency. When K = 4, the
raised cosine spectrum pulse shaping filter with α =
0.22 yields 3.6 % better performance than the rectan-
gular chip pulse. We could see that overlapping helps to
increase the bandwidth efficiency. However, this gain
reduces to 1.6 % for K = 20. This suggests that the
strict pulse shaping filter problem can be avoided for
large K.

Multipath fading increases other cell interference
power when fast TPC is used and yields smaller band-
width efficiency than non-fading case. It was found that
the bandwidth efficiency is smaller for an exponential
power delay profile than for a uniform power delay pro-
file due to uncaptured multipath components when R
is equal to L (or L90%) and that the number of paths
affects the bandwidth efficiency.

Since the causes of transmission errors are AWGN,
ISI, and inter-carrier interference (ICI), the optimal fil-
ter combination may exist other than choice of Nyquist
filter. This is an interesting future study.

Appendix A: Interference Suppression Factor

From the frequency domain expressions for ξ derived
in [10], the interference suppression factor ξij from the
subsystem i to the subsystem j can be obtained in
terms of their composite transfer functions Hi(f) and
Hj(f). When the overall filter satisfies Nyquist con-
dition, Hj(f) = 1

Tc,j
|Hj,T (f)|2 = Tc,j |Hj,R(f)|2, where
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the subscripts T and R represent transmitter and re-
ceiver, respectively, and Tc,j is the chip duration of the
subsystem j. Then, ξij can be expressed as

ξij =
∫
Hi(f)|Hj,R(f)|2df∫

Hi(f)df

=
∫
Hi(f)Hj(f)df
Tc,j

∫
Hi(f)df

. (A· 1)

We assumed asynchronous CDMA systems, where in-
terfering users are asynchronous to the desired user
(this is true in the reverse link). Eq. (A· 1) can be
applied to any kind of chip pulse satisfying Nyquist
condition with a known transfer function H(f).

Appendix B: Signal Power and Other Cell In-
terference Power

Let’s consider a system with only a single subsystem
(i.e., K = 1) for simplicity and ρ denote the spatial
density of users given by 2N

3
√
3
, where N is the number

of users of each cell. In a non-fading environment, the
mean mI and the variance σ2I of other cell interference
power can be approximated as [11], [12]:

mI ≈ M(µ, σ)E[S]N, (A· 2)
σ2I ≈

{
A(µ, σ)E[S2]−B(µ, σ)E2[S]

}
N, (A· 3)

where E[·] is an ensemble average operation and
M(µ, σ), A(µ, σ), and B(µ, σ) are given by the equa-
tions at the top of the next page. rt is the distance from
a user to the t-th BS, and ρ′ and Φ(x) are expressed as:

ρ′ = ρ/N,

Φ(x) =
1√
2π

∫ x

−∞
e−y2/2dy.

For instance, M(µ, σ) = 0.659, A(µ, σ) = 0.223, and
B(µ, σ) = 0.04 when µ = 4 and σ = 8 dB.

In a multipath fading environment, since short-
term average interference power from an interfering
user of the t-th BS with ideal fast TPC can be expressed
as

It = SE[
1
X

]
(
rt
r0

)µ

10(ξo−ξt)/10, (A· 4)

Eqs. (A· 2) and (A· 3) can be modified as [20]:

mI ≈ E[
1
X

]M(µ, σ)E[S]N, (A· 5)

σ2I ≈ E2[
1
X

]
{
A(µ, σ)E[S2]−B(µ, σ)E2[S]

}
N,

(A· 6)

where X is given in Eq. (19).
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