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Impact of Shadowing Correlation on Spectrum Efficiency of a
Power Controlled Cellular System
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SUMMARY Independent shadowing losses are often assumed for com-
puting the frequency reuse distance of cellular mobile communication sys-
tems. However, shadowing losses may be partially correlated since the
obstacles surrounding a mobile station block similarly the desired signal
and interfering signals. We investigate, by computer simulation, how the
shadowing correlation impacts the frequency reuse distance of a power con-
trolled cellular system. It is pointed out that the shadowing correlation im-
pacts the frequency reuse distance differently for the uplink and downlink.
key words: cellular system, frequency reuse distance, transmit power con-
trol, outage, shadowing correlation

1. Introduction

In cellular mobile communications systems, the same car-
rier frequency is reused in spatially separated cells [1]. The
frequency reuse distance is an important design parame-
ter. For a shorter reuse distance, the limited frequency band
can be more efficiently utilized. When determining the fre-
quency reuse distance, often it is assumed that the shadow-
ing losses of desired and interfering signals vary indepen-
dently. However, shadowing losses seen at a mobile station
may be partially correlated since the obstacles surrounding
a mobile station with low antenna height block similarly the
desired signal and interfering signals [2].

Fast transmit power control (TPC) is a well known
technique to increase the capacity of cellular systems [3]–
[5]. The objective of this paper is to investigate how the
shadowing correlation impacts the frequency reuse distance
of a power controlled cellular system using frequency divi-
sion multiple access (FDMA). Fast TPC based on signal-to-
noise power ratio (SNR) [5] is assumed. The remainder of
this paper is organized as follows. Section 2 introduces the
interference and shadowing correlation models. The proce-
dure to determine the frequency reuse distance is presented
in Sect. 3. Section 4 discusses the computer simulation re-
sults. Some conclusions are drawn in Sect. 5.

2. Models of Interference and Shadowing Correlation

2.1 Interference Model

Only the six nearest co-channel cells are considered since
they give predominant interference to the desired cell [5],

Manuscript received July 4, 2003.
Manuscript revised January 15, 2004.
†The authors are with the Dept. of Electrical and Communi-

cation Engineering, Graduate School of Engineering, Tohoku Uni-
versity, Sendai-shi, 980-8579 Japan.

Fig. 1 Interference model (uplink).

[6]. Figure 1 illustrates the geographical relationship be-
tween the cell of interest ( j=0) and the six co-channel cells
( j=1–6) with a cell radius R and a distance D between adja-
cent cells. Hexagonal cell layout is assumed. A base station
is located at the center of each cell.

2.2 Shadowing Correlation Model

The mobile radio propagation channel is modeled by the
distance dependent path loss, the log-normally distributed
shadowing loss and the multipath Rayleigh fading [1]. In
this paper, frequency non-selective fading is assumed as in
[5]. M-antenna diversity using maximal ratio combining
(MRC) with ideal coherent detection is assumed at both base
stations and mobile stations.

(a) Uplink
The instantaneous power Pj′→ j(m) of the signal transmitted
from the j′-th cell mobile station ( j′=0–6) and received at
the m-th antenna of the j-th cell base station can be repre-
sented as [5]

Pj′→ j(m) = A · PT, j′r
−α
j′→ j10−η j′→ j/10

∣∣∣ξ j′→ j(m)
∣∣∣2 , (1)

where A is a constant, PT, j′ is the transmit power of the
j′-th cell mobile station, α is the path loss exponent, r j′→ j

and η j′→ j are the distance and shadowing loss between the
j′-th cell mobile station and the j-th cell base station, re-
spectively. η j′→ j is a zero-mean Gaussian variable with a
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standard deviation σ. ξ j′→ j(m) is the complex channel gain
between the j′-th cell mobile station and the m-th antenna of
the j-th cell base station and is a zero-mean complex Gaus-
sian variable with unity variance. Figure 2(a) illustrates the
shadowing correlation relationship on the uplink. Shadow-
ing correlation is produced due to the fact that the different
channels are affected by the same obstacles. In this paper,
we assume that the antenna height of a base station is suf-
ficiently high so that there are no obstacles surrounding the
base station and hence, shadowing is only due to the obsta-
cles surrounding a mobile station with low antenna height.
Therefore, we assume that the shadowing losses η j′→0 and
η j′→ j′ are correlated and have the same correlation ρ for all
j′. Likewise, we assume that the shadowing losses η j′→0 and
η0→0 are uncorrelated.

(b) Downlink
The instantaneous power Pj′→ j(m) of the signal transmitted
from the j′-th cell base station and received at the m-th an-
tenna of the j-th cell mobile station is represented as [5]

Pj′→ j(m) = A · PT, j′r
−α
j′→ j10−η j′→ j/10

∣∣∣ξ j′→ j(m)
∣∣∣2 , (2)

where PT, j′ is the transmit power of the j′-th cell base sta-
tion, r j′→ j and η j′→ j are the distance and shadowing loss be-
tween the j′-th cell base station and the j-th cell mobile sta-
tion, respectively. ξ j′→ j(m) is the complex channel gain be-
tween the j′-th cell base station and the m-th antenna of the
j-th cell mobile station and is a zero-mean complex Gaus-

(a) Uplink.

(b) Downlink.

Fig. 2 Shadowing correlation relationship.

sian variable with unity variance. Figure 2(b) illustrates the
shadowing correlation relationship on the downlink. Simi-
lar to the uplink case, we assume that the shadowing losses
η j′→0 and η0→0 are correlated and have the same correlation
ρ for all j′ and that the shadowing losses η j′→0 and η j′→ j are
uncorrelated.

3. Determining Frequency Reuse Distance

3.1 Frequency Reuse Distance and Spectrum Efficiency

Communication quality, often measured as the bit error rate
(BER), is a function of the received signal-to-interference
plus noise power ratio (SINR). The outage probability is
defined as the probability that the received SINR falls be-
low the required SINR [6]. As the distance between the
co-channel base stations reduces, the interference power
from other cells increases and the outage probability also
increases. The minimum distance between the co-channel
base stations for the given allowable outage probability is
denoted by D.

When the total number of available channels is G and
the cluster size is F, the number C of channels per cell is
given by C = G/F. The spectrum efficiency µ is defined
as µ=C/G=1/F. Assuming the hexagonal cell layout, F is
related to the cell radius R and distance D by [1]

F =
1
3

(D
R

)2

, (3)

where F = i2 + j2 + i j, with i and j as positive integers,
can take only limited integer numbers. The maximum reuse
distance D/R for the given value of F is shown in Table 1.

3.2 Required SINR

SNR-based slow and fast TPC are assumed as in [5]. In
the fast TPC case, the transmit power is controlled so that
the instantaneous received SNR is kept constant. On the
other hand, in the case of slow TPC, the transmit power is
controlled so that the average received SNR is kept constant
but the instantaneous received SNR variations due to fading
remain intact. We use the target SNR value (S /N)target given
by [5]( S

N

)
target
= χ · γreq, (4)

where N is the noise power and χ represents the allowable
interference rise factor defined as the interference plus back-
ground noise-to-background noise power ratio and γreq is the
required SINR for achieving the required BER.

The required SINR is derived as follows. In this paper,

Table 1 Maximum reuse distance D/R.
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Table 2 Required SINRs for average BERs of Pb = 10−2 and 10−3.

the sum of the background noise and the interference from 6
co-channel cells is approximated as a Gaussian variable [5].
Assuming coherent quadrature phase shift keying (QPSK)
data modulation, the average BER Pb, fast TPC for fast TPC is
given by [7]

Pb, fast TPC(λ) =
1
2

erfc
√
λ/2, (5)

where λ is the instantaneous received SINR and erfc(x) =
2√
π

∫ ∞
x

e−t2
dt. In the case of slow TPC, the instantaneous

power variations due to fading remain intact as in the case
of no TPC. The average BER Pb, slow TPC for M-antenna di-
versity reception using MRC is given by [7]

Pb, slow TPC(Λ,M)

=
1
2

1 − µ√
2 − µ2

M−1∑
k=0

(
2k
k

) (
1 − µ2

4 − 2µ2

)k
 , (6)

where
µ =

√
Λ/M

1 + Λ/M(
2k
k

)
=

(2k)!
k! k!

, (7)

with Λ being the average received SINR.
The required SINR λ0 with fast TPC and the required

average SINR Λ0 with slow and no TPC are found by using
Eqs. (5) and (6), respectively, and are shown in Table 2 for
the required BERs of Pb = 10−2 and 10−3.

4. Computer Simulation

Table 3 shows the simulation parameters. It is assumed that
the shadowing loss and the location of each mobile station
remain the same during communication. Mobile stations
are assumed to be uniformly distributed over the entire area
comprising of 7 cells.

4.1 Simulation Procedure

Figure 3 shows the flow chart for computer simulation. Be-
fore starting communication, the base station with which the
communication is to be established is selected for each mo-
bile station. Average received signal powers from the base

Table 3 Simulation parameters.

Fig. 3 Flow chart for computer simulation.

stations surrounding the mobile station are measured and
the base station providing the largest received signal power
is selected. If the selected base station is one of the 7 co-
channel cells, this mobile station is used in the simulation.
This process is repeated until each of the 7 cells accommo-
dates one user. Then the average received SINR is mea-
sured.

The average received SINR for the uplink is computed
as follows. In the case of slow and no TPC, the average
received SINR Λ is given by

Λ =
S

N + I
=

(P̄T,0/N)r−α0→010−η0→0/10

1 +
6∑

j=1

(P̄T, j/N)r−αj→010−η j→0/10

, (8)

where S̄ and Ī are the average desired signal power and the
average interfering signal power, respectively, and P̄T, j is the
average transmit power given by

PT, j

N
=


χRα
Λ0(M)

M
without TPC

χΛ0(M)

Mr−α
j→ j

10−η j→ j/10
with slow TPC.

(9)
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In the case of fast TPC, the instantaneous received SINR λ
is given by

λ =
S

N + I

=

(PT,0/N)r−α0→0 10−η0→0/10
M−1∑
m=0

|ξ0→0(m)|2

1 +
6∑

j=1

(P̄T, j/N)r−αj→010−η j→0/10

, (10)

where PT,0 and P̄T, j are given by



PT,0/N =
χ λ0

r−α0→010−η0→0/10
M−1∑
m=0

|ξ0→0(m)|2

PT, j/N =
χ λ0

(M − 1)r−αj→ j10−η j→ j/10
.

(11)

Similarly, the average SINR Λ and the instantaneous SINR
λ for the downlink can be obtained.

The received SINR is compared with the required
SINR to decide that the communication quality is in out-
age or not. This trial is repeated 1,000,000 times to compute
the outage probability Q = Prob [Λ < Λ0] or Prob [λ < λ0].
If Q > Q0, D/R is increased by 0.01 until Q = Q0 to find the
value of D/R for the given Q0=0.1.

4.2 Uplink

Figure 4 plots the normalized uplink frequency reuse dis-
tance D/R as a function of shadowing correlation ρ with
the shadowing standard deviation σ as a parameter when
χ=10 dB, Q0=0.1 and M=2. For comparison, the normal-
ized reuse distance D/R without shadowing loss (σ=0 dB)
is also plotted. As σ increases, the probability of large in-
terference power increases and hence, D/R becomes larger,
for the given value of shadowing correlation ρ. It is interest-
ing to note that as ρ becomes larger, D/R becomes smaller
when TPC is applied, while D/R becomes larger without
TPC. The reason for this is given below.

(1) Without TPC: as ρ increases, the site diversity effect re-
duces when selecting the best base station (based on the
minimum propagation loss, i.e., maximum average re-
ceived signal power) and hence, the probability of hav-
ing a large shadowing loss increases. This leads to a
decreased received signal power from the 0-th cell mo-
bile station. As a consequence, the probability of SINR
being below the required value increases, resulting in an
increased D/R.

(2) With TPC: the transmit powers from the 0-th cell and
the j′-th cell mobile stations are controlled by their base
stations, respectively, so that the received signal powers
at their base stations are kept at the TPC target. As ρ
increases, both η j′→ j′ and η j′→0 tend to vary similarly
and hence, the variations in the interference power from

(a) Pb = 10−3.

(b) Pb = 10−2.

Fig. 4 Normalized frequency reuse distance as a function of shadowing
correlation ρ for uplink (χ=10 dB, Q0=0.1 and M=2).

the j′-th cell mobile station can be reduced. Therefore,
the probability of the received SINR becoming below
the required value reduces, resulting in a reduced D/R.

4.3 Downlink

Figure 5 plots the normalized downlink frequency reuse dis-
tance as a function of shadowing correlation ρwith the shad-
owing standard deviation σ as a parameter when χ=10 dB,
Q0=0.1 and M=2. Similar to the uplink case, as σ increases,
D/R becomes larger for the given value of ρ. Interestingly,
opposite result from the uplink case is obtained for the ef-
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(a) Pb = 10−3.

(b) Pb = 10−2.

Fig. 5 Normalized frequency reuse distance as a function of shadowing
correlation ρ for downlink (χ=10 dB, Q0=0.1 and M=2).

fect of ρ; as ρ becomes larger, D/R becomes larger (smaller)
with TPC (without TPC). The reason for this is as follows:

(1) Without TPC: as ρ increases, both η j′→0 and η0→0 tend
to vary similarly. Hence, both the desired and interfer-
ence signal powers tend to vary similarly, reducing the
variations in the SINR. Therefore, the probability of the
received SINR being below the required value reduces,
resulting in a reduced D/R.

(2) With TPC: the transmit powers from the 0-th cell and
the j′-th cell base stations are controlled so that the re-
ceived signal powers at their mobile stations are kept at
the TPC target. However, variations due to shadowing
in the interference power from the j′-th cell base station
remain intact since η j′→ j′ and η j′→0 are independent.
Note that as ρ increases, the site diversity effect reduces

when selecting the best base station and hence the prob-
ability of having large shadowing losses increases. This
leads to an increased transmit power from the j′-th cell
base station when TPC is used. Hence, the 0-th cell mo-
bile station experiences larger interference power from
the j′-th cell base station. As a consequence, as ρ in-
creases the probability of SINR being below the re-
quired value increases, resulting in an increased D/R.

5. Conclusions

This paper investigated, by computer simulation, the im-
pact of the shadowing correlation on the frequency reuse
distance in a power controlled FDMA cellular system. It
was found that the impact of the shadowing correlation on
the frequency reuse distance D/R is different for uplink and
downlink:

(1) In the case of uplink, as the shadowing correlation in-
creases, the D/R becomes smaller, when TPC is used,
while it becomes larger when TPC is not used.

(2) In the case of downlink, the opposite result is obtained.
As the shadowing correlation increases, the D/R be-
comes smaller when TPC is not used while it becomes
larger when TPC is used.

In this paper, the shadowing correlation is assumed to
be independent of the geographical locations of the mobile
stations. The evaluation with more practical shadowing cor-
relation model is left as an interesting future study. Exten-
sion to CDMA cellular systems in frequency-selective fad-
ing channels is also an interesting future study.
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