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Abstract

Multipath dispersion leads to the loss of orthogonality between signals transmitted simultane-
ously on a wideband code division multiple access (WCDMA) downlink. The orthogonality
factor (OF), which models its impact in the link signal-to-interference-plus-noise ratio (SINR)
equation, depends-to a large extent-on the power delay profile of the multipath channel between
the mobile and its serving base station. We use the comprehensive and general COST259 chan-
nel model for urban cellular environments to evaluate the impact on the OF of multipath clusters
and distance-dependence of the multipath delay decay time constant, both of which have been
observed in several channel measurements. The observed large standard deviation of the OF
indicates that using a single value for all users in downlink capacity analyses and simulations, as
has been the practice, may lead to erroneous conclusions. We also propose an empirical model
to analytically characterize the observed statistics of the OF.
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Abstract— Multipath dispersion leads to the loss of orthog-
onality between signals transmitted simultaneously on a wide-
band code division multiple access (WCDMA) downlink. The
orthogonality factor (OF), which models its impact in the link
signal-to-interference-plus-noise ratio (SINR) equation, depends
– to a large extent – on the power delay profile of the multipath
channel between the mobile and its serving base station. We
use the comprehensive and general COST259 channel model for
urban cellular environments to evaluate the impact on the OF
of multipath clusters and distance-dependence of the multipath
delay decay time constant, both of which have been observed
in several channel measurements. The observed large standard
deviation of the OF indicates that using a single value for all users
in downlink capacity analyses and simulations, as has been the
practice, may lead to erroneous conclusions. We also propose
an empirical model to analytically characterize the observed
statistics of the OF.

I. INTRODUCTION

Third generation cellular systems such as wideband code
division multiple access (WCDMA) [1] are designed to ef-
ficiently handle multiple services such as voice, data, and
multimedia applications. WCDMA (Release 5) delivers data
rates greater than 10 Mbps.

The spreading codes used in WCDMA are a concatenation
of long pseudo-random scrambling sequences and short or-
thogonal channelization sequences. Multipath dispersion leads
to a loss in orthogonality between the spreading codes. This
is measured in WCDMA downlink capacity analyses and
simulations by the orthogonality factor (OF) [1]–[4]. The
lower the OF, the lower the intra-cell interference – an OF of 0
corresponds to no interference and an OF of 1 corresponds to
considerable downlink interference.1 Values between 0.1 and
0.6 are commonly used for the OF [1]–[3]. An increase in the
OF can have a significant negative impact on system capacity,
and manifests itself in the form of reduced data throughput
and fewer voice users per cell.

A complete and accurate characterization of the OF is
clearly essential in cell capacity analysis and planning. The
value of the OF depends on the channel delay profile, chip
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1Several authors use an alternate definition of the OF in which a value
of 0 corresponds to considerable downlink interference and a value of 1
corresponds to no interference. To maintain consistency, we convert their
results to our notation whenever we discuss them.

pulse shape, the number of Rake fingers in the receiver, etc.
The results of [5], [6] show that the channel’s delay profile
determines the OF to a large extent, while parameters such
as the chip pulse shape and the number of Rake fingers
play a minor role. Reference [6] established a simple affine
relationship between the time-averaged OF and the reciprocal
of the diversity factor, which is a measure of the multipath
dispersion of the channel.

Several channel measurement analyses have shed light on
the variation of the multipath dispersion in a cell. The analysis
by Greenstein et al. [7] showed that the dispersion encountered
in a given environment statistically increases with the distance
of the mobile station (MS) from the base station (BS). Further-
more, it is correlated with shadowing [7], [8]. Measurement
results also show that in some environments, the multipath
components are not always uniformly spread out, but arrive
in clusters [9], [10]. Multiple clusters occur in macrocells
due to large objects like high-rise buildings or hills, which
cause significant power to reach the MS with large excess
delays [11]. Thus, the power delay profile, and consequently
the OF itself, can be quite different for locations spaced far
apart.

Given the close relationship between the power delay profile
and the OF, the presence of multiple clusters and the distance
of the MS from the BS can significantly affect the OF
observed. However, system-level simulations have traditionally
used only a handful of pre-specified delay profiles that do not
capture the above two phenomena. This paper quantifies the
behavior of the OF over the entire urban macrocellular area
and measures the impact of the above two phenomena on it.

The dependence of the OF on the distance has been studied
before in [12], which also used the Greenstein model. How-
ever, it did not take multiple clusters into account. Another
difference is that it used the OF formula of [13], which
assumes a Rake finger weighting scheme that ignores inter-
cell interference and noise, but accounts for the different intra-
cell interference seen by different fingers. Also, no model was
proposed for characterizing the distribution of the OF over
a cell area. Using the same definition of the OF, [13], [14]
used ray-tracing simulations over an urban area and observed
a high correlation between the logarithm of the OF and the
log of the multipath delay decay time constant. However, the
variation with distance was not modeled. The studies in [15],
[16] used actual channel measurements and observed a wide
variability in the time-averaged OF. However, the definition of
the OF in [15] seems to be based on the ratio of the fading-



averaged signal power to the fading-averaged interference plus
noise power, which is different from the one considered in this
paper. The reader is referred to [5] for a full discussion of the
various OF formulae and their fundamental dependence on the
SINR modeling assumptions.

While using stored traces or ray-tracing methods leads to
very accurate channel descriptions, as they can incorporate all
the details of the radio environment, their results are location-
specific and can suffer from a lack of generality. We therefore
use the comprehensive COST259 stochastic macrocellular
channel model, which is among the most general models
currently available [17]. The 3GPP spatial channel model
(SCM) [18] also borrows from the COST259 model. Using
a model such as COST259 that integrates the vast amount of
previous published and unpublished work on channel modeling
and measurements [7], [8], [19], [20] into a single general
framework enables us to make general observations and con-
clusions about the behavior of the OF in a cellular area.

COST259 includes the above-mentioned Greenstein model
and explicitly models multiple clusters. It also models the
observed interrelations between the large-scale and small-scale
behavior of the channel. COST259 thus provides a systematic
method to stochastically generate the experimentally observed
power delay profiles encountered over an entire cell. To
account for the different terrains in which cells can be located,
COST259 specifies two generic urban environments, namely,
Generalized Typical Urban (GTU) and Generalized Bad Urban
(GBU). GTU describes cities and towns with buildings having
mostly homogeneous height and density. On the other hand,
GBU describes cities with distinctly inhomogeneous building
heights or densities, and is the more dispersive environment.
The power delay profiles in GBU have, on an average, close
to twice as many clusters than in GTU.

The paper is organized as follows: Section II briefly de-
scribes the COST259 channel model for macrocells and the
analytical results on the OF that we use in this paper. The
statistics of the OF for delay profiles generated from COST259
are presented and analyzed in Section III. Section IV summa-
rizes our findings.

II. BACKGROUND

A. COST259 Channel Model for Macrocells

COST259 is a parametric stochastic model that character-
izes the small-scale and the large-scale behavior of the wireless
channel. Compared to previous models like COST207 [21], the
COST259 model is significantly more comprehensive since
it simultaneously models many of the important parameters
of the channel, such as path loss, shadow fading, short-term
fading, temporal and angular dispersion, and polarization, and
their inter-relationships.

For a given MS location, the power delay profile in
COST259 incorporates the effect of multiple clusters and
depends on the distance of the MS from the BS as follows:

1) Scatterer Clusters and Visibility Regions: Scatterer clus-
ters, such as buildings and mountains, are distributed over
the cell area. Each cluster has multiple “visibility regions”

associated with it in the cell. Each visibility region is a circle of
radius RC . An MS located within a cluster’s visibility region
experiences non-line-of-sight (NLOS) multipath dispersion
due to that cluster, and sees it in the form of a multipath
cluster in the power delay profile of its channel. The location
of the MS thus determines the number of multipath clusters
in the channel impulse response.

The probability that a scatterer cluster spawns a visibility
region at a distance r from the BS is given by a Gaussian
distribution with standard deviation r. The placing of the
clusters and their corresponding visibility regions is stochastic
and is specified in detail in [17]. In addition, local scattering
near the MS always contributes one multipath cluster. As
the MS moves, it may enter new visibility regions and leave
old ones. Not only does it experience short-term fading, but
its small-scale averaged power delay profile also dynamically
changes, albeit over larger distances.

A similar mechanism allows for the occurrence of at
most one line-of-sight (LOS) component and determines its
power [20]. The probability that an LOS component exists
decreases linearly with the distance of the MS from the BS;
it vanishes beyond a cut-off distance of 500 m and increases
as the height of the BS increases.

The multipath components undergo independent, time-
correlated Rayleigh fading that depends on the Doppler fre-
quencies. The power of each multipath within a cluster decays
exponentially as a function of its relative delay from the first
multipath of the cluster. The powers of the clusters also decay
exponentially as a function of their excess path delays, where
the excess path delay is the delay of the first path of the cluster
relative to the first path of the first cluster. However, once
the excess path delay exceeds a 10 µsec threshold, there is
no further decay in the cluster power. The power distribution
as a function of the directional coordinates of the multipath
components has also been specified, but is beyond the scope of
this paper. The shadowing is specified to be the same for all the
multipath components of a cluster, and follows a log-normal
distribution. However, it is independent between clusters.

2) Distance-Dependent Delay Decay Constant: The expo-
nential power delay profile, Pn(τ), of the nth cluster, with
initial time offset τn, is characterized by the decay time
constant, σnτ , as follows:

Pn(τ) =
1

σnτ
exp

(
−τ − τn

σnτ

)
, (τ > 0). (1)

The decay time constant, in turn, depends on the distance, r,
of the MS from the BS as follows:

σnτ = msτ

( r

1000

)ε

100.1ssτ Zm , (2)

where msτ is the median delay decay constant at a distance
r = 1000 m, ssτ is the standard deviation expressed in dB,
and ε is the distance exponent. Zm is a zero-mean, unit-
variance Gaussian random variable that is correlated with the
Gaussian random variable used for generating the log-normal
shadowing. Thus, the delay decay constant of a cluster is itself
a random variable and is correlated with the cluster’s shadow



TABLE I

IMPORTANT COST259 PARAMETERS FOR URBAN MACROCELLULAR

ENVIRONMENTS

Parameter GTU GBU

Carrier freq. [GHz] 2.0 2.0

BS height [m] 30.0 50.0

MS height [m] 1.5 1.5

Ave. rooftop height [m] 15.0 30.0

Ave. no. of clusters 1.17 2.18

Shadow fading dB standard deviation 6.0 6.0

Median delay decay constant of each cluster (msτ ) 0.4 0.4

Standard deviation of decay constant [dB] (ssτ ) 3.0 3.0

Decay constant’s distance exponent (ε) 0.5 0.5

Shadowing and decay constant correlation 0.5 0.5

Visibility region radius (RC ) [m] 100.0 100.0

fading over the terrain. The values of the parameters for the
GTU and GBU environments are listed in Table I.

B. Orthogonality Factor

A general analytical expression for the OF, conditioned on
the channel’s instantaneous power delay profile, was derived
in [5] and was shown to be in excellent agreement with
simulation results. It is used in this paper to calculate the
instantaneous OF, βo.

For the special case in which the multipath delays are
integer multiples of the chip duration, the formula for the
instantaneous OF for a full Rake receiver that can handle all
the multipaths, simplifies to:

βo = 1 −
∑L

i=1 |αi|4(∑L
i=1 |αi|2

)2 , (3)

where L is the total number of multipaths and αi is the fading
coefficient of the ith multipath. This expression holds when the
Rake finger weights are complex conjugates of the multipath
fading coefficients.

In this paper, we study the time-averaged OF, βo. This is the
Monte-Carlo average of the instantaneous OF over the small-
scale fading, and is evaluated numerically.

III. OF AND COST259 IMPLEMENTATION AND RESULTS

A. Implementation Details

The recommended set of parameters in [17] was utilized in
the implementation of the COST259 model used here. Table I
lists the values of some of the relevant parameters for the
urban environments we consider in this paper. The radius of
the macrocell for both the environments (metropolitan terrain)
was chosen as 1 km. The OF was calculated for a rectangular
pulse shape and a full Rake receiver (all paths processed).
Note that the chip pulse shape and the number of fingers in the
receiver have only a marginal impact on the OF [5], making
the results in this paper approximately applicable to partial
Rake receivers and systems with other chip pulse shapes, as
well. While the 2 GHz carrier frequency is used in this study,

the qualitative behavior of the OF will be the same for all the
carrier frequencies in which the COST29 model is valid.

For a given scatterer and visibility region configuration,
the MS location was determined as follows: For a given
distance, r, from the BS, the MS was placed at 500 randomly
generated locations in the cell. The distances were chosen to
be 0.1d, 0.2d, . . . , 1.0d, where d is the cell radius. In addition,
three different realizations of the scatterer and visibility region
placements were used to generate the results. A different set
of delay profiles, and consequently the OF, is obtained in each
realization. The time-averaged OF, βo, was computed for each
of the delay profiles so generated. In view of the dependence
of the delay decay time constant on r, the statistics of βo were
tabulated as a function of r.

B. Results

Figure 1 plots the median value of the delay decay constant
of the first cluster (due to local scattering) and shows its
increase with r. Note that it is the same for GTU and GBU.

Figure 2 plots the cumulative distribution function (CDF) of
βo at each of several distances of the MS from the BS, for the
GTU environment. In the same manner, Figure 3 plots the CDF
of βo for the GBU environment. Notice that, as the distance
increases, the CDF of βo shifts to the right considerably. This
is a consequence of (2), in which the median value of delay
decay constant (which itself is a random variable) increases
with r. The increased multipath dispersion begets an increase
in βo. Even though GTU and GBU follow the same cluster
delay decay constant vs. distance curve in the first cluster,
GBU exhibits greater values of the OF due to the presence of
more clusters in its power delay profiles (Table I).

C. Distance-Dependent Model for βo

The CDFs, F (βo), of βo for GTU and GBU are plotted
on a Gaussian probability scale in Figure 4 and Figure 5,
respectively. In other words, for an abscissa βo, we plot
erfcinv(2(1 − F (βo))) on the y-axis. This is called a Gaussian
probability scale because for a Gaussian distribution with
mean µ and standard deviation σ, we have the linear relation-
ship erfcinv(2(1 − F (βo))) = βo−µ√

2σ
. Observe that the plots

are nearly (but not exactly) linear. Therefore, for a given
r, a Gaussian distribution may be used to approximate the
probability distribution of βo. If y = p1(r)x + p2(r) is used
as the curve-fitting approximation in these two figures, with y
being the ordinate and x the abscissa, then the Gaussian mean
and standard deviation of βo are given by µ(r) = − p2(r)√

2p1(r)

and σ(r) = 1√
2p1(r)

. The minimum RMS curve-fitting error
was found to be about 0.10 for r ≥ 200 m, and was slightly
higher (0.17) for r = 100 m. That the lines are essentially
shifted versions of each other implies that the distribution of
βo has a distance-dependent mean and a distance-independent
standard deviation.

Note that the Gaussian distribution must be truncated be-
cause 0 ≤ βo ≤ 1. Therefore, βo for an MS at distance of r



TABLE II

PARAMETERS DEFINING µ(r)

Environment a1 a2 γ [m] RMS error in µ(r)

GTU 0.599 0.509 329.6 0.004

GBU 0.608 0.424 372.6 0.007

can be approximated by

βo =

{
µ(r) + ση, −µ(r)

σ ≤ η ≤ 1−µ(r)
σ

0, otherwise
, (4)

where η is a zero-mean, unit-variance, Gaussian random
variable, σ = 0.179, and µ(r) is a monotonically increasing
function of r. Truncating the distribution in such a manner
skews the first and second moments of βo. However, the
distortion introduced is negligible as the observed values of
the two limits, µ(r)/σ and (1 − µ(r))/σ, are at least of the
order of 2 for r ≥ 200 m.

Figure 6 plots the observed µ(r) for the two environments. It
also plots the minimum-mean-square-error parametric curve-
fit of the form:

µ(r) = a1 − a2 exp(−r/γ). (5)

It can be seen that the empirical curve-fit is accurate. As
expected, µ(r) for GBU is greater than that for GTU, for
a given r. The functional form also satisfies the intuitive
requirement that it should be monotonically increasing and
should saturate for large r. Table II lists the values derived
for a1, a2, and γ for the two environments. Note that these
results have a functional form different from the one proposed
in [12], in which the median value of the time-averaged OF
varied as kr

1+kr , where k = 0.0029/m for ε = 0.5.

IV. CONCLUSIONS

We evaluated the statistics of the time-averaged orthogonal-
ity factor, βo, seen at different locations in an urban macro-
cellular area. The ensemble of channel delay profiles obtained
from the general and comprehensive COST259 channel model
for macrocells was used for this purpose. As COST259 brings
a vast amount of work on channel modeling and measurements
into a single general framework, it enables us to make general
observations and conclusions about the behavior of the OF
in a cellular area. Another reason for using COST259 is that
it explicitly models the distance-dependence of delay decay
constant and the presence of multiple clusters. Both of these
have a significant impact on the OF.

In both the Generalized Typical Urban environment and the
more dispersive Generalized Bad Urban environment, which
are defined in COST259, the value of βo was found to vary
over a wide range of values even for a given distance of the
mobile station from the base station. In general, it increased
with distance. This suggests that using a single value for the
OF in downlink capacity calculations and simulations might
lead to misleading conclusions. We also showed that the time-
averaged OF can be modeled as a truncated Gaussian random

variable with a distance-dependent mean and a distance-
independent standard deviation. Consequently, βo can now be
generated directly without having to set up the general, but
complex, COST259 macrocellular channel model.
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Fig. 1. Median multipath delay time constant of the first cluster as a function
of the distance of the MS from the BS (in meters) (same for GTU and GBU)
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Fig. 2. Generalized Typical Urban environment: CDF of βo as function of
distance, r (in meters), from base station
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Fig. 3. Generalized Bad Urban environment: CDF of βo as a function of
distance, r (in meters), from base station

0 0.2 0.4 0.6 0.8 1
−2.5

−2

−1.5

−1

−0.5

0

0.5

1

1.5

OF (time−averaged)

er
fc

in
v(

2*
(1

−
C

D
F

))

0.1 d
0.2 d
0.3 d
0.4 d
0.6 d
0.8 d
d

Fig. 4. Generalized Typical Urban environment: CDF of βo plotted on
’Gaussian probability scale’ for different distances
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Fig. 5. Generalized Bad Urban environment: CDF of βo plotted on ’Gaussian
probability scale’ for different distances

100 200 300 400 500 600 700 800 900 1000
0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

Distance of MS from BS (r) [m]

µ(
r)

GTU: Actual
GTU: Fit
GBU: Actual
GBU: Fit

Fig. 6. Mean (µ) as a function of r [m] for GTU and GBU


	Title Page
	Title Page
	page 2


	Orthogonality Factor in  WCDMA Downlinks in Urban Macrocellular Environments 
	page 2
	page 3
	page 4
	page 5


