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Abstract— This paper presents a new approach in analyzing
the reverse link capacity performance of cellular CDMA systems
employing successive interference cancellation (SIC). Due to the
controlled power disparity present in such systems previous
methods cannot precisely model their inter-cell interference.
We first introduce a novel model which allows the accurate
analysis and evaluation of the inter-cell interference of cellular
CDMA systems with controlled power disparity. Its validity
is verified by means of theoretical analysis and computer
simulations. Secondly, by using this new inter-cell interference
model, a theoretical analysis of the CDMA reverse link capacity
is presented. In terms of evaluation results, we focus on the
performance improvements SIC offers as compared to single user
detection (SUD). Analytical results complemented by equivalent
computer simulated performance evaluation results have shown
that SIC significantly increases the reverse link capacity of
cellular CDMA systems operating in realistic controlled power
disparity environments.

Index Terms— Capacity improvement, CDMA, controlled
power disparity, inter-cell interference, power control, reverse
link, successive interference cancellation.

I. INTRODUCTION

IN cellular code division multiple access (CDMA) systems
the simplest technique to detect mobile users is single-user

detection (SUD), i.e., each mobile user is detected indepen-
dently without considering multiple access interference (MAI)
[1],[2]. Although the implementation of SUD is simple, its
ability to combat the MAI is weak [1], and hence the reverse
link capacity of the systems employing SUD is seriously
MAI restricted. In order to achieve higher system capacities
within a limited radio frequency bandwidth, various multi-
user detection techniques have been developed for base station
(BS) receivers to reduce the effects of MAI [1]. Among
these techniques, successive interference cancellation (SIC) is
considered as one of the simplest, yet most robust methods
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[3]-[5]. As discussed in [4] and [5], when SIC is employed,
mobile users assigned to the same BS are detected successively
from the one with the minimum path loss (PL) to that with
the maximum PL. Whenever a mobile user is detected, the
interference produced by this mobile user is cancelled from the
overall received signals. The remaining mobile users are then
detected from the remaining received signals. Thus, mobile
users who are detected subsequently suffer less MAI, and
consequently the reverse link capacity of the systems can
be increased. In order to investigate the improvements of the
reverse link capacity achieved by the SIC, MAI must be first
evaluated.

MAI can be categorized into two types of interference:
intra-cell interference, i.e., the interference produced by other
mobile users assigned to the same BS, and inter-cell inter-
ference, i.e., the interference produced by the mobile users
assigned to other BSs [6]. It is well known that in order
to reduce MAI of cellular CDMA systems, power control
schemes must be employed to regulate the receiving powers
of mobile users at their assigned BSs. Consequently, it is
straightforward to derive the intra-cell interference from these
receiving powers [7]. On the contrary, the derivation of inter-
cell interference is more complex, especially when lognormal
shadow fading is considered. When SUD is employed, in
order to maintain the same signal-to-interference-plus-noise
ratio (SINR) for all mobile users, power control must permit
them to have the same receiving power at their assigned BSs
[7].

In the past, numerous publications (e.g., [8]-[12]) have
analyzed and evaluated the effects of inter-cell interference
on the capacity of cellular CDMA systems. The most widely
recognized inter-cell interference model, for which equal re-
ceiving power is assumed, was first proposed in [8] and then
generalized in [9]. However, when SIC is considered, the mo-
bile users who are subsequently detected suffer reduced MAI
as compared to those detected earlier. Consequently, in order
to maintain the same SINR for all mobile users, the employed
power control scheme should allow the subsequently detected
users to have lower receiving power than those detected
earlier. With such controlled power disparity, the inter-cell
interference model proposed in [8] and [9], cannot be used to
evaluate inter-cell interference of the systems employing SIC.

To the best of our knowledge, in the past only few pa-
pers (e.g., [4], [5]) investigating the inter-cell interference of

1536-1276/06$20.00 c© 2006 IEEE



2448 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 5, NO. 9, SEPTEMBER 2006

CDMA systems employing SIC have been published in the
open technical literature. In these early publications inter-cell
interference evaluation is simplified in two ways: i) by exclud-
ing the effects of lognormal shadow fading from the reverse
link PL model and ii) by conveniently assuming the cells to
be circles instead of the usual hexagonal shapes. However,
as it will be shown later on in this paper, if the effects of
lognormal shadow fading are not taken into account, the inter-
cell interference is significantly underestimated. Furthermore,
since the overlap between the considered circle-shaped cells is
not accounted for, the methodology proposed in [4] and [5] is
inaccurate. Thus, it cannot be used to precisely evaluate inter-
cell interference even without considering shadow fading in
the reverse link PL. On the contrary, in our paper by including
the effects of lognormal shadow fading in the reverse link PL
model and considering hexagonal cells we propose a novel
model which precisely evaluates the inter-cell interference of
the cellular CDMA systems with controlled power disparity.
Furthermore, by employing this novel inter-cell interference
model, we present a new approach thoroughly analyzing and
accurately evaluating the reverse link capacity improvement
obtained by employing SIC. Preliminary versions of our paper
have been presented in [13] and [14].

The organization of the paper is as follows. After this
introduction, Section II presents the system and PL model
of the cellular CDMA system under consideration. The new
inter-cell interference model for mobile users with controlled
power disparities is presented in Section III. The individual
inter-cell interference factors are analyzed in Section IV
and in the following section the reverse link capacities of
systems employing SUD and SIC are analyzed and evaluated.
Various computer simulated performance results confirming
the proposed analysis are presented in Section VI. Conclusions
are summarized in Section VII.

II. SYSTEM AND PATH-LOSS MODEL

We consider a widely used cellular CDMA model (e.g.,
see [7]-[9]) consisting of M identical hexagonal cells, each
having at its center a BS with an omni-directional antenna.
It is assumed, without loss of generality, that the mobile
users present in the system are independent and uniformly
distributed in the total area of the M cells. It is thus reasonable
to assume that there is an equal number of mobile users,
denoted as N , assigned to each BS. Correspondingly, the
number of mobile users per unit area, ρ, is given by

ρ = N/AC (1)

where AC is the geographical area of one hexagonal cell.
The PL from mobile users to BSs is assumed to satisfy
the International Mobile Telecommunication 2000 (IMT-2000)
propagation model, i.e., it includes distance attenuation and
large scale fading (lognormal shadow fading) [15]. The dis-
tance attenuation1, DAm, from a mobile user to the mth BS
can be expressed as

DAm = 10μ log10 rm +D (2)

1Unless otherwise stated, the values of the distance and large scale fading
attenuations are given in dB.

where rm is the distance from the mobile user to the mth BS,
μ is the distance attenuation exponent, and D is a constant
attenuation common to all BSs. Moreover, the lognormal
shadow fading, LSFm, from the mobile user to the mth BS
is given by

LSFm = ah+ bhm (3)

where h and hm are two independent and zero-mean Gaussian
distributed random variables with standard deviation σ. In
the above equation, a and b are two constants satisfying the
condition a2 + b2 = 1, so that the standard deviation of
LSFm equals σ. Furthermore, on the one hand, the product ah
represents the common to all BSs lognormal shadow fading
caused by the obstacles close to the mobile user [8]. On the
other hand, bhm represents the independent from other BSs
lognormal shadow fading caused by the obstacles close to the
mth BS [8]. From (3), the correlation of the lognormal shadow
fading from a mobile user to any two BSs, denoted as CLmn,
can be expressed as

CLmn =
E[LSFmLSFn]√

E[(LSFm)2]E[(LSFn)2]

=
E[(ah+ bhm)(ah+ bhn)]√
E[(ah+ bhm)2]E[(ah+ bhn)2]

= a2

(4)

where E [·] denotes the expected value of [·]. Clearly, if a = 0
and b = 1, the lognormal shadow fading from a mobile user
to the different BSs is independent from each other. On the
contrary, if a = 1 and b = 0, the lognormal shadow fading
from a mobile user to the different BSs is identical to each
other. Using (2) and (3), the PL from a mobile user to the
mth BS, PLm, can be expressed as follows

PLm = DAm+LSFm = 10μ log10 rm+ah+bhm+D. (5)

As discussed in [8], in order to reduce inter-cell interfer-
ence, each mobile user should be assigned to the BS with
the minimum PL instead of that with the minimum distance.
However, as for large scale systems it might not be possible
(computationally or otherwise) to consider all BSs of the entire
network, it is reasonable to assume that for each mobile user
only the closest NC BSs are searched. From these NC BSs
that particular mobile user is assigned to the BS with minimum
PL. Consequently, for each BS there exists a specific servicing
area (SA) within which a mobile user can be assigned to that
particular BS. As illustrated in Fig. 1, the geometrical area
of such SAs (denoted in the figure as shaded areas) depends
on the particular choice of NC . For the convenience of the
mathematical representation the central BS is denoted as the
0th BS, and its corresponding SA as S0. Obviously, the total
area of S0 is a function of NC , i.e.

S0 = NCAC . (6)

Since each considered mobile user is assigned to the BS
with the minimum PL among the NC closest BSs, the PL
from the mobile user to its assigned BS, denoted as PLU , is
given by

PLU =
NC

min
j=1

{PLmj} (7)

where {mj, j ∈ [1, NC ]} are the NC nearest BSs to the mobile
user. If a mobile user with physical location (x, y) ∈ S0 is



NIE et al.: REVERSE LINK CAPACITY ANALYSIS OF CELLULAR CDMA SYSTEMS WITH CONTROLLED POWER DISPARITIES 2449

Fig. 1. Serving area of the central base station for different values of NC .

assigned to the 0th BS, the probability that its PLU is less
than K, Pr{PLU ≤ K |(x, y)}, can be found using (5) and
(7) as

Pr{PLU ≤ K |(x, y)} = Pr{PL0 ≤ K;PL0 ≤ PLi,

i ∈ [1, 2, . . . , NC − 1] |(x, y)}
= Pr

{
h0 ≤ K −M0 − ah

b
;hi ≥ bh0 +M0 −Mi

b
,

i ∈ [1, 2, . . . , NC − 1]
}

=

+∞∫
−∞

exp
(−h2/2σ2

)
√

2πσ

(K−M0−ah)/b∫
−∞

exp
(−h2

0/2σ
2
)

√
2πσ

NC−1∏
i=1

Q

(
bh0 +M0 −Mi

bσ

)
dh0dh

(8)

where Mi = 10μ log10 ri(x, y) + D and Q (z) =∫ +∞
z exp

(−ξ2/2) / (√2π
)
dξ is the well known Q-function.

From (8) and (1), the cumulative probability function (CDF)
of PLU , F (K), can be expressed as

F (K) =
1
N

∫∫
S0

Pr{PLU ≤ K |(x, y)}ρdxdy

=
1
AC

∫∫
S0

+∞∫
−∞

exp
(−h2/2σ2

)
√

2πσ

(K−M0−ah)/b∫
−∞

exp
(−h2

0/2σ
2
)

√
2πσ

NC−1∏
i=1

Q

(
bh0 +M0 −Mi

bσ

)
dh0dhdxdy.

(9)

If the maximum transmission power of the mobile users in
the system is Pmax

t , and since it is required that the minimum
receiving power is Pmin

r , for any mobile user its PLU must

be less than a threshold, KS = 10 log10

(
Pmax
t /Pmin

r

)
, so that

it can be served by the system. Thus, in order to maintain the
N active mobile users assigned to each BS, ρ must be revised
to ρKS as

ρKS =
ρ

F (KS)
. (10)

Correspondingly, the KS-limited F (K), denoted as FKS (K),
can be expressed as

FKS (K) =
F (K)
F (KS)

. (11)

III. THE NEW INTER-CELL INTERFERENCE MODEL

For the ith mobile user assigned to the nth BS, denoted as
the (i, n) user, its reverse link signal-to-interference-plus-noise
ratio (SINR) is given by the following expression [7]

Einb
Iint

=
Pinn/R

(Iinna + Iinne )
/
Bw +N0FN

(12)

where Pinn is the average receiving power, R is the informa-
tion bit rate and Bw is the spreading bandwidth of the mobile
users, N0 is the single-sided power spectral density of the
thermal noise, and FN is the noise figure of the BS receivers.
Furthermore Iinna and Iinne are the intra-cell and the inter-cell
interferences the (i, n) user suffers at the nth BS, respectively.
Iinne can be mathematically expressed as [8]

Iinne = E

⎡
⎣ N∑
j=1

M−1∑
m=0,m �=n

Pjmn

⎤
⎦

= E

⎡
⎣ N∑
j=1

M−1∑
m=0,m �=n

exp {β(PLjmm − PLjmn)}Pjmm
⎤
⎦
(13)

where Pjmn is the receiving power of the (j,m) user at the
nth BS, PLjmn and PLjmn are the PL from the (j,m) user
to the nth and the mth BSs, respectively, and β = ln 10/10.
Unfortunately, PLjmm and PLjmn are random variables
whose probability density functions (pdfs) are very difficult to
derive analytically. Consequently, instead of directly obtaining
Iinne from (13), an alternative evaluation method will be
proposed next.

In the past, the most widely accepted inter-cell interference
model simplifying the calculation of Iinne has been proposed in
[8] and [9]. However, this model can only be used to calculate
the inter-cell interference of the systems with equal receiving
power, e.g., for systems employing SUD. In [7] it was shown
that for such systems, Iinna is given by

Iinna =
N∑

j=1,j �=i
Pjnn. (14)

Using (12)-(14), it is straightforward to show that in order to
maintain the same SINR for all mobile users, i.e., Einb /I

in
t =

a, ∀i ∈ [1, N ], and ∀n ∈ [0,M − 1], where a is a constant,
all mobile users must have the same receiving power at
their assigned BS. Equivalently stated, Pinn must satisfy the
following condition

Pinn = P, ∀i ∈ [1, N ], ∀n ∈ [0,M − 1]. (15)



2450 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 5, NO. 9, SEPTEMBER 2006

Fig. 2. Receiving power matrix for mobile users employing SIC.

Therefore, by using the inter-cell interfere model proposed in
[8] and [9], Iinne is calculated as follows

Iinne = NReP (16)

where

Re = E

⎡
⎣ N∑
j=1

M−1∑
m=0,m �=n

exp {β(PLjmm − PLjmn)}
⎤
⎦
/
N.

(17)
In the above equation, Re is the joint inter-cell interference
factor, which is independent of P and N (due to the division
by N ), but depends upon the PL model considered by the sys-
tem. The methodology for estimating Re has been thoroughly
presented in [8] and [9]. However, when SIC is employed this
methodology cannot be used. Thus an alternative approach is
necessary which will be presented next.

Let us consider that N mobile users assigned to the same
BS are ranked and notated according to their PLU , i.e.

PL1nn ≤ PL2nn ≤ . . . ≤ PLinn ≤ . . . ≤ PLNnn,

∀n ∈ [0,M − 1].
(18)

When SIC is employed, Iinna can be expressed as

Iinna =
i−1∑
j=1

ψPjnn +
N∑

j=i+1

Pjnn (19)

where ψ ∈ [0, 1] is the interference cancellation factor in-
dicating the portion of the remaining interference after each
SIC step. From (19), it is clear that for each BS the intra-cell
interferences of the N mobile users satisfy the following

I1nn
a ≥ I2nn

a ≥ . . . ≥ Iinna ≥ . . . ≥ INnna , ∀n ∈ [0,M − 1].
(20)

Using (12), (13) and (20), it is straightforward to show that
when SIC is employed and in order to maintain the same
SINR, the receiving powers of the N mobile users for each
BS must satisfy the following condition

P1nn ≥ P2nn ≥ . . . ≥ Pinn ≥ . . . ≥ PNnn, ∀n ∈ [0,M − 1].
(21)

Obviously, due to the existence of such controlled power
disparities, Iinne can no longer be calculated from (16).
However, noticing from (21) the characteristics of the con-
trolled power disparity, it can be concluded that when SIC is

employed, the receiving power of a mobile user has strong
correlation with the rank of its PLU among the PLUs of the
N mobile users assigned to the same BS. Since the considered
cellular CDMA system consists of M identical cells, it is
reasonable to assume that, for the receiving power matrix
shown in Fig. 2, the matrix elements within a single column
have the same value, i.e.

Pinn = Pi, ∀i ∈ [1, N ] and ∀n ∈ [0,M − 1]. (22)

Based upon this assumption, the following inter-cell interfer-
ence model is proposed

Iinne =
N∑
j=1

RjNe Pj , (23)

where RjNe are the individual inter-cell interference factors for
mobile users whose PLU has the jth minimum value among
all N mobile users assigned to the same BS. Using (22), (23)
into (13), RjNe can be mathematically expressed as

RjNe = E

⎡
⎣ M−1∑
m=0,m �=n

exp {β(PLjmm − PLjmn)}
⎤
⎦ . (24)

Clearly from the above equation, RjNe is independent of
{Pj , j ∈ [1, N ]}, but depends on j, N and the specifically
used PL model.

By comparing (23) and (16), it is obvious that for the newly
proposed inter-cell interference model the condition that all
mobile users must have equal receiving power is no longer
necessary. Thus, once the values of

{
RjNe , j ∈ [1, N ]

}
are

obtained, the inter-cell interference of the systems employing
SIC can be easily calculated from (23). Furthermore, if all
mobile users have equal receiving power, P , using (17), (23),
and (24), Iinne becomes

Iinne =
N∑
j=1

RjNe P

= P

N∑
j=1

E

⎡
⎣ M−1∑
m=0,m �=n

exp {β(PLjmm − PLjmn)}
⎤
⎦

= PE

⎡
⎣ N∑
j=1

M−1∑
m=0,m �=n

exp {β(PLjmm − PLjmn)}
⎤
⎦

= NReP.
(25)

The above equation clearly shows that the proposed inter-cell
interference model is very general as it can be used to obtain
Iinne not only for mobile users with controlled power disparity,
but also for those with equal receiving power, as is the case
with the model suggested in [8] and [9].

IV. INDIVIDUAL INTER-CELL INTERFERENCE FACTORS

As it is very difficult to directly evaluate RjNe from (24), an
alternative approach will be adopted. Firstly, it is noted that
due to the symmetry of the system, RjNe can be evaluated
by only considering the inter-cell interference to the 0th BS
(see Fig. 1). As S0 is the SA of the 0th BS, the mobile users
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IS0
r (x, y) =

NC−1∑
m=1

E [exp {β(PLm − PL0)} ;PLm ≤ PLj , j ∈ [0, NC − 1], j �= m;PLm ≤ K |(x, y) ]

=
NC−1∑
m=1

RμmE

[
exp {βb(hm − h0)} ;hm ≤ K −Mm − ah

b
;hj ≥ bhm +Mm −Mj

b
, j ∈ [0,NC − 1], j �= m

]

=
exp

(
b2β2σ2

)
2πσ2

NC−1∑
m=1

Rμm

+∞∫
−∞

exp
(
− h2

2σ2

) K−Mm−ah
b∫

−∞
exp

[
− (hm − bβσ2)2

2σ2

]
Q

(
bhm +Mm −M0 + b2βσ2

bσ

)

NC−1∏
j=1,j �=m

Q

(
bhm +Mm −Mj

bσ

)
dhmdh

(26)

Fig. 3. Individual inter-cell interference factors with and without the effects
of log-normal shadow fading.

located in areas other than S0
2 cannot be assigned to the 0th

BS. Thus, the interference produced by all those mobile users
is the inter-cell interference to the 0th BS. On the contrary,
the mobile users within S0 may be assigned to the 0th BS.
Consequently, only the interference produced by the mobile
users who are not assigned to the 0th BS is the inter-cell
interference to the 0th BS. Due to this difference, the inter-cell
interference originating from S0 and that originating from S0

must be evaluated separately. The values of
{
RjNe , j ∈ [1, N ]

}
will be obtained by combining the evaluation results for these
two regions.

A. Inter-Cell Interference Originating from S0

For a mobile user located at (x, y) ∈ S0 but not assigned
to the 0th BS and whose PLU satisfies that PLU ≤ K ,
using (5) and (7) its inter-cell interference to the 0th BS,
IS0
r (x, y), can be mathematically expressed as (26), where
Rμm = [rm(x, y)/r0(x, y)]

μ. From the above equation, the
total inter-cell interference to the 0th BS produced by all such
mobile users can be obtained through the following double

2Such areas will be denoted as S0.

integral

IS0−KS

N (K) =
∫∫
S0

IS0
r (x, y)ρKSdxdy . (27)

Furthermore, the total inter-cell interference to the 0th BS
produced by all mobile users located at (x, y) ∈ S0 but not
assigned to the 0th BS, and whose PLU satisfies that PLU =
K , is given by

iS0−KS

N (K) =
dIS0−KS

N (K)
dK

= exp
(
b2β2σ2

) ∫∫
S0

NC−1∑
m=1

Rμm

+∞∫
−∞

exp
(−h2/2σ2

)
√

2πσ

exp
[
− (K−Mm−ah−b2βσ2)2

2b2σ2

]
√

2πbσ

Q

(
K − ah−M0 + b2βσ2

bσ

)
NC−1∏

j=1,j �=m
Q

(
K − ah−Mj

bσ

)
ρKSdhdxdy.

(28)

B. Inter-Cell Interference Originating from S̄0

Similarly, for another mobile user who is located at (x, y) ∈
S̄0, if its PLU again satisfies the condition PLU ≤ K , using
(5) and (7) the inter-cell interference produced by this mobile
user to the 0th BS, denoted as I S̄0

r (x, y), is given by (29),
which is shown at the top of the next page.

Similarly to the previous case, the total inter-cell interfer-
ence to the 0th BS produced by all such mobile users, is given
by

I S̄0−KS

N (K) =
∫∫
S̄0

I S̄0
r (x, y)ρKSdxdy . (30)

Finally, the total inter-cell interference to the 0th BS produced
by all the mobile users, located within S0, and under the same
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I S̄0
r (x, y) =

NC∑
m=1

E [exp[β(PLm − PL0)];PLm ≤ PLj, j ∈ [1, NC ], j �= m;PLm ≤ K |(x, y) ]

=
NC∑
m=1

RμmE

[
exp[βb(hm − h0)];hm ≤ K −Mm − ah

b
;hj ≥ bhm +Mm −Mj

b
, j ∈ [1, NC ], j �= m

]

= exp
(
b2β2σ2

) NC∑
m=1

Rμm

+∞∫
−∞

exp
(
− h2

2σ2

)
√

2πσ

K−Mm−ah
b∫

−∞

exp
[
− (hm−bβσ2)2

2σ2

]
√

2πσ

NC∏
j=1,j �=m

Q

(
bhm +Mm −Mj

bσ

)
dhmdh.

(29)

condition PLU = K , can be obtained as

iS̄0−KS

N (K) =
dI S̄0−KS

N (K)
dK

= exp
(
b2β2σ2

)
∫∫
S̄0

NC∑
m=1

Rμm

+∞∫
−∞

exp
[−(K −Mm − ah− b2βσ2)2/2b2σ2

]
√

2πbσ

exp
(−h2/(2σ2)

)
√

2πσ

NC∏
j=1,j �=m

Q

(
K − ah−Mj

bσ

)
ρKSdhdxdy.

(31)

C. Individual Inter-Cell Interference Factors

Using (11), the probability that a mobile user with PLU =
K has the ith minimum PLU among the N mobile users
assigned to the same BS can be found as

PrKS

iN (K) = Ci−1
N−1F

i−1
KS

(K)[1 − FKS (K)]N−i. (32)

From the above equation and by employing (28) and (31),
the individual inter-cell interference factor for all such mobile
users can be derived as

RiNe (KS) =

KS∫
−∞

[
iS0−KS

N (K) + iS̄0−KS

N (K)
]
PrKS

iN (K)dK.

(33)

D. Numerical Evaluations and Discussions

Using numerical techniques the values of RiNe (KS) have
been obtained for the following typical parameters for the PL
model of IMT-2000: a = b =

√
2/2, NC = 3, and μ = 4.

Typical performance results are illustrated in Fig. 33 (for σ =
0 and 10 dB) and Fig. 4 (for σ = 4 , 8 and 12 dB), indicating
mainly two important observations.

Firstly, it is noted that lognormal shadow fading signifi-
cantly influences the inter-cell interference of cellular CDMA
systems. For example, Fig. 3 clearly shows that when log-
normal shadow fading is excluded from the PL model (i.e.,
σ = 0 dB), the values of RiNe (KS) are much smaller than
those taking into account the effects of the lognormal shadow
fading, e.g., σ = 10 dB. Furthermore, as illustrated in Fig. 4,
as σ increases, so does RiNe (KS), especially of higher values
of σ, e.g., σ = 12 dB. Thus, for an accurate estimation of

3As shown in this figure equivalent performance results obtained by means
of computer simulations (see Section VI for details) are also included for
verifications purposes.

Fig. 4. Individual inter-cell interference factors for different values of σ.

the reverse link capacity it is essential that lognormal shadow
fading be included in the PL model.

Secondly, as it can be seen from Fig. 4, the individual inter-
cell inference factors of mobile users with larger PLU are
much higher as compared to mobile users with smaller PLU .
Appropriately incorporating this observation into a detection
algorithm, it is clear that SIC can significantly reduce inter-
cell interference. Such inter-cell interference reduction will
increase the reverse link capacity of cellular CDMA systems,
especially for applications with high values of σ. Finally, it
is of interest to mention that extensive numerical evaluations
have allowed us to conclude that these two observations are
valid independent of the actual values of the parameters of a,
b, μ, NC , N and KS.

V. REVERSE LINK CAPACITY ANALYSIS AND EVALUATION

Once
{
RjNe , j ∈ [1, N ]

}
have been obtained, Iinne can be

evaluated using the inter-cell interference model given by (23).
Hence, the reverse link capacity of cellular CDMA systems
employing SIC can be precisely analyzed. For completeness
and in order to clearly demonstrate the reverse link capacity
improvements offered by SIC, both systems employing SUD
and SIC will be considered.

For SIC, from (12), (19), and (23), the reverse link SINR
for the (i, n) user can be mathematically expressed as
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Ã =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

GS − αR1N
e (KS) −α[1 + αR2N

e (KS)] · · · −α[1 +R
(N−1)N
e (KS)] −α[1 +RNNe (KS)]

−α[ψ +R1N
e (KS)] GS − αR2N

e (KS)
...

...
...

... −α[ψ +R2N
e (KS)]

. . . −α[1 +R
(N−1)N
e (KS)]

...
...

... · · · GS − αR
(N−1)N
e (KS) −α[1 +RNNe (KS)]

−α[ψ + αR1N
e (KS)] −α[ψ +R2N

e (KS)] · · · −α[ψ +R
(N−1)N
e (KS)] GS − αRNNe (KS)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

Ein
b

Iin
t

=

Pinn/R�
i−1�
j=1

ψPjnn +
N�

j=i+1

Pjnn +
N�

j=1

RjN
e (KS)Pjnn

��
Bw +N0FN

.

(34)

Assuming perfect power control, i.e., Einb
/
Iint = α, ∀i ∈

[1, N ], from (34), the following set of linear equations for
{Pinn, i ∈ [1, N ]} are obtained

ÃP̃nn = B̃ (35)

where
P̃nn =

[
P1nn P2nn · · ·P(N−1)nn PNnn

]T
,

B̃ = [αN0FNBw αN0FNBw · · ·αN0FNBw αN0FNBw]T ,
and Ã is given at the top of the next page, GS = Bw/R
and ψ is the interference cancellation factor (see (19)). Using
linear algebra it is straightforward to show that Ã is a full
rank matrix. Thus, by solving the set of linear equations in
(35), {Pinn, i ∈ [1, N ]} are obtained as

Pinn = γi−1 αN0FBw

GS − αR1N
e (KS) − α

N∑
j=2

γj−1[1 +RjNe (KS)]

Δ=PSICiN (KS)
(36)

where

γ =
GS + αψ

GS + α
. (37)

A. Single-User Detection (SUD)

When SUD is employed, no interference is cancelled after
each mobile user is detected, i.e., ψ = 1. Thus, from (37),
γ = 1, and hence using (36), {Pinn, i ∈ [1, N ]} is given by

Pinn =
αN0FBw

GS − α[
N∑
j=1

RjNe (KS) +N − 1]

Δ=PSUDN , ∀i ∈ [1, N ].

(38)

From (38), it is clear that when SUD is employed, the N
mobile users assigned to the same BS have the same receiving
power, PSUDN .

If the maximum transmission power of the mobile users
in the system is Pmax

t , in order to satisfy the condition that
Einb

/
Iint = α, ∀i ∈ [1, N ], it is clear from (38) that the PLU

of the N mobile users assigned to the nth BS, {PLinn, i ∈
[1, N ]} must satisfy the following condition

PLinn ≤ 10 log10(P
max
t

/
PSUDN ). (39)

Therefore, for any mobile user, in order to be served by
the cellular CDMA system under consideration, its PLU
must be less than 10 log10(Pmax

t

/
PSUDN ), i.e., KSUD

S =
10 log10(P

max
t

/
PSUDN ). Consequently, KSUD

S must satisfy
the following equation

KSUD
S =

10 log10

{GS − α[
N∑
i=1

RiNe (KSUD
S ) +N − 1]}Pmax

t

αN0FNBw
.

(40)

Once the values of KSUD
S have been obtained from the

above equation, using (9), the outage probability of the system
employing SUD, USUD(N), can be expressed as

USUD(N) = 1 − F (KSUD
S ). (41)

B. Successive Interference Cancellation (SIC)

When SIC is employed, after each mobile user is detected
its interference is either fully or partially cancelled, i.e., 0 ≤
ψ < 1. Thus from (37), it is clear that 0 < γ < 1, and hence,
the receiving power of the N mobile users assigned to the
same BS must satisfy the following inequalities

PSIC1N (KS) > PSIC2N (KS) > . . . > PSICNN (KS). (42)

It should be noted that the above equation confirms the
analysis presented in Section III. There it was shown that
when SIC is employed the receiving power of the mobile
users assigned to the same BS has controlled disparity, and
the mobile users with larger PLU require lower receiving
power than those with smaller PLU .

In order to let Einb
/
Iint = α, ∀i ∈ [1, N ], it can be seen

from (36) that the PLU of the N mobile users assigned to the
nth cell must satisfy the following condition

PLinn ≤ 10 log10[P
max
t

/
PSICiN (KS)], ∀i ∈ [1, N ]. (43)

Since PLNnn takes the largest value among {PLinn, i ∈
[1, N ]}, it is clear from (43) that for any mobile user
served by the cellular CDMA system its PLU must
be less than 10 log10[Pmax

t

/
PSICNN (KS)], i.e., KSIC

S =
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Fig. 5. Inter-cell interference comparison of SUD and SIC.

Fig. 6. Reverse link capacity comparison of SUD and SIC.

10 log10[P
max
t

/
PSICNN (KSIC

S )]. Consequently KSIC
S must sat-

isfy the following equation

KSIC
S = 10 log10

{[
GS − αR1N

e (KSIC
S )

]
Pmax
t

αN0FNBwγN−1

−
α

N∑
j=2

γj−1[1 +RjNe (KSIC
S )]Pmax

t

αN0FNBwγN−1

}
.

(44)

Similarly to the SUD case, once the values of KSIC
S are

obtained from (44), using (9) the outage probability of the
system employing SIC, USIC(N), is given by

USIC(N) = 1 − F (KSIC
S ). (45)

C. Numerical Evaluations and Discussion

As a typical example the pedestrian mobile user model of a
cdma2000 system has been considered. Using this model and,
unless otherwise stated, the following numerical values for the
different parameters have been selected [15]: a = b =

√
2
/
2,

σ = 10 dB, NC = 3, μ = 4, R = 9.6 kbps, GS = 384,
Pmax
t = 14 dB and α = 5 dB. Furthermore, the interference

Fig. 7. Reverse link capacity under SUD for different values of σ.

Fig. 8. Reverse link capacity under SIC for different values of σ.

cancellation factor, ψ, can be assumed to be of the form
ψ = 10−α/10 [3]. By numerically evaluating (23), (36) and
(38), the first set of evaluation results present in Fig. 5 the
performance of Iinne versus N with SUD and SIC. From
this figure it is clear that the inter-cell interference with
SIC is much smaller than with SUD especially for higher
values of N . For a fair comparison, we have also computed
Iinne employing the model and method presented in [8] with
SUD. As expected and in fact can be seen from Fig. 5, both
models have identical performance with SUD. However, as
previously argued, only our model can be used to estimate
inter-cell interference under SIC. In order to demonstrate the
capacity improvement SIC offers and the destructive effects
of lognormal shadow fading, the values of USUD(N) and
USIC(N) were evaluated with the same set of parameters
except that σ took values in the range of 0 − 12 dB. Due
to the obvious difficulty in deriving closed-form solutions
for KSUD

S (see (40)) and for KSIC
S (see (44)), instead, by

employing recursive calculations numerical solutions were
obtained. Since in general, the outage probability of a cellular
CDMA system must be very small, e.g., less than 0.05,
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Fig. 9. Computer simulations model for outage probability evaluation.

KSUD
S and KSIC

S must take very large values. Since in the
CDMA2000 standard the suggested path loss is 139.9 dB,
using a margin of 20 dB, the initial values of KSUD

S and
KSIC
S of our recursive calculations were chosen to be 160

dB.
Various performance evaluation results for USUD(N) and

USIC(N) are presented in Figs. 5, 6, and 7. These results
clearly indicate that for identical cellular CDMA systems, SIC
can achieve much higher reverse link capacities as compared
to SUD at any outage probability and for all values of σ. For
example, as illustrated in Fig. 6, considering σ = 10 dB for
when the outage probability is 0.01, SUD can only support
17 mobile users per cell, whereas SIC can support 26 mobile
users per cell. For higher values of the outage probability, e.g.,
0.3, SIC supports 93 mobile users per cell as compared to 69
mobile users SUD can support. Furthermore, as illustrated in
Figs. 7 and 8, independent of detection techniques (i.e., SUD
or SIC), lognormal shadow fading seriously increases inter-
cell interference, and consequently decreases the capacity of
cellular CDMA systems, especially for higher values of σ, e.g.
σ = 12 dB.

VI. COMPUTER SIMULATION RESULTS AND DISCUSSION

In order to verify the correctness of the proposed theoretical
analysis and the accuracy of the corresponding numerical
evaluations, computer simulations were also performed to
evaluate individual inter-cell interference factors and the re-
verse link capacities of the previously considered cellular
CDMA systems.

A. Individual Inter-Cell Interference Factors

Following the cellular CDMA model presented in Section
II, a cellular system with up to five tiers and 61 identical
hexagonal cells was implemented in software. For this system,
the individual inter-cell interference factors to the central
BS, i.e., the 0th BS, were evaluated by employing Monte
Carlo simulation techniques, as follows. Firstly, mobile users
uniformly distributed were added into the system one by one.
If the minimum PL from the mobile user to the NC nearest
BSs is less than KS , the mobile user is assigned to the BS with
the minimum PL; otherwise, this mobile user is discarded.
Secondly, if at least N mobile users were assigned to each of
the (M − 1) BSs around the 0th BS, these N mobile users
were sorted and notated with ascending order starting from
the minimum PL and ending with the maximum PL. Finally,

for i ∈ [1, N ], the individual inter-cell interference factors,
RiNe (KS), are calculated as follows

RiNe (KS) =
M−1∑
n=1

exp[β(PLinn − PLin0)]. (46)

By performing the above procedure sufficiently long (typically
in the order of 104 times), the mean value of RiNe (KS) was
obtained.

For a fair comparison in our computer simulations the
same parameters as those in the numerical evaluations (see
Section IV) have been used. Furthermore, since extensive
simulation results have shown that inter-cell interference to
the 0th BS is mainly produced by the mobile users who are
assigned to the first three tiers of BSs around the 0th BS,
M = 37 was selected. As illustrated in Fig. 3, the obtained
computer simulation results perfectly confirm the numerical
results obtained in Section IV thus validating the theoretical
analysis.

B. SUD and SIC Reverse Link Capacity

Using the previously described computer simulation
methodology, the outage probability of the mobile users as-
signed to the 0th BS was evaluated in five-steps as shown in
the flow chart presented in Fig. 9.

In Step I, the initial value of N is set to zero. In Step
II, a new mobile user whose position follows the uniform
distribution is created in the SA of the 0th BS, S0, and its
PLs to the NC nearest BSs are randomly produced according
to the PL model presented in Section II. If the mobile user is
not assigned to the 0th BS, it is discarded, and another new
mobile user is created. This procedure is repeated until the
newly created mobile user is assigned to the 0th BS, and then
we set N = N + 1.

In Step III, first, by using (34) the SINR of the N mobile
user assigned to the 0th BS are obtained as

Ei0
b

Ii0
t

=
Pi00/R�

N�
j=1,j �=i

Pj00 +
N�

j=1

RjN
e (KS)Pj00

��
Bw +N0FN

(47)
and
Ei0

b

Ii0
t

=

Pi00/R�
i−1�
j=1

ψPj00 +
N�

j=i+1

Pj00 +
N�

j=1

RjN
e (KS)Pj00

��
Bw +N0FN

(48)



2456 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 5, NO. 9, SEPTEMBER 2006

for SUD and SIC respectively. Afterwards, the transmission
powers of the N mobile users assigned to the 0th BS, {P i0t , i ∈
[1, N ]}, are adjusted iteratively until the following condition
is satisfied

α ≤ Ei0b
/
Ii0t < α+ ε, ∀i ∈ [1, N ] (49)

where ε is a small positive constant, e.g., ε = 0.01 dB.
In Step IV, the values of {P i0t , i ∈ [1, N ]} are checked. If all

of them are less than Pmax
t , the simulation goes back to Step

II so that a new mobile user is added to the 0th BS. However,
if any of these is larger than Pmax

t , this means that even when
the mobile user has reached its maximum transmission power,
Pmax
t , its SINR still cannot meet the system requirement.

Thus, an outage event occurs, and the simulation goes forward
to Step V.

In Step V, the value of N is recorded, and this round of
simulation is implemented.

By performing the above five-step simulation sufficiently
long, e.g., more than 104 times, the pdf for the outage events,
denoted as uF (N) can be obtained. This pdf depicts the
relation between N and the probability that among the N
mobile users assigned to the 0th cell, at least one mobile user
fails to meet the SINR requirement. Hence, since these mobile
users are independent from each other, the outage probability
of the system is

U(N) = 1 − N

√√√√1 −
N∑
i=1

uF (i). (50)

For a fair comparison, in our computer simulation we have
used the same parameters as those in the numerical evaluations
(see Section V). Furthermore, ε was set to 0.01 dB, which is
sufficiently small to represent an almost perfect power control.
In order to compare with the numerical results, the outage
probabilities obtained from the computer simulation are also
depicted in Figs. 5, 6 and 7. Clearly, the obtained computer
simulation results confirm the numerical evaluation results.
Hence, the accuracy of the theoretical analysis represented in
Section V has been validated.

VII. CONCLUSIONS

A new approach for the analysis of the reverse link capacity
of cellular CDMA systems with controlled power disparities
has been presented. Based upon an accurate model of the
inter-cell interference of such systems, a theoretical analysis
for estimating the reverse link capacity of cellular CDMA
systems has been developed. Theoretical and computer simu-
lated performance evaluations have shown that, as compared
to SUD, SIC provides significant capacity improvements for
cellular CDMA systems operating in realistic controlled power
disparities environments.
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