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In this paper we investigate the impact of user distributions on the macro diversity gain
in UMTS environments. Earlier studies indicated that macro diversity has a beneﬁcial
inﬂuence on the system capacity and coverage of WCDMA systems. However, these
investigation were based on the assumption of evenly distributed traﬃc patterns. In
practice rather clustered user distributions are experienced, thus, the study of uneven user
distributions is of great importance to the planning of 3rd generation mobile networks.
Using a Matern process to create clustered user point ﬁelds, the pair-correlation function
is presented as a measure for this unevenness. Simulation studies are used to evaluate its
impact on the macro-diversity gain in UMTS networks. Results prove the non-intuitive
fact that the unevenness as found in reality helps to further improve the system capacity
and coverage.
1. INTRODUCTION

In cellular Wideband Code Division Multiple Access (WCDMA) systems, such as the
Universal Mobile Telecommunication System (UMTS), in-cell interference has long been
identiﬁed as the limiting factor. It does not only restrict the number of users within a
cell, but it also impacts the coverage area [12]. The fact that all mobile stations (MS) in
WCDMA environments utilize the same frequency band results in additional interference
caused by MSs in neighboring cells (other-cell interference) and leads to a degradation of
a cell’s capacity and coverage area.
On the other hand, using a unique frequency band allows simultaneous connections
from a MS to several base stations (BS) in close vicinity (Active Set, AS) [5].Thus, soft
and softer handover become possible and can be used to reduce interference induced by
the MSs. The usage of multiple radio links is frequently referred to as macro diversity. It
is also known as the combination of site diversity, the data reception at multiple sites, and
selection diversity, the method of choosing a packet from the multiple replicas received.
Various studies about the gain achievable by site/selection diversity can be found in the
literature. In [6] the authors performed experiments to evaluate the inﬂuence of diﬀerent
selection combining (SC) mechanisms on the gain in terms of relative MS transmit power.
The impact of soft handover on the capacity of a CDMA system was studied analytically
in [4]. However, only a simple model consisting of two BSs and one MS was considered.
A more elaborate model was presented in [7] and a tradeoﬀ between the capacity and

the coverage in a cell with mobiles allowed to be in soft handover was presented. The
inﬂuence of the cell layout on the gain achieved by macro-diversity was studied in [13]
and a possible access network architecture was proposed.
In order to take the interdependencies between neighboring cells in a UMTS network
into consideration larger scenarios have to be studied. These scenarios are usually populated with users by some spatial point process and analyzed thereafter. The most frequently used point process is the homogeneous spatial Poisson process. In [1] a network
consisting of a number of BSs is considered and outage probabilities are calculated.
While there are several other publications using the homogenous spatial Poisson process,
such as [11] or [8], only little research is performed using other less even user distributions.
In [9] the authors studied the inﬂuence of uneven user distributions on the soft handover
gain in UMTS environments. However, site and selection diversity were not taken into
account, but only single connections were considered. However, it was shown that the
soft handover gain achievable in unevenly distributed user scenarios exceeds the gain
found using even user distributions. In practice rather clustered user distributions are
experienced, thus, the study of uneven user distributions is of great importance to the
planning of 3rd generation mobile networks.
In this article we extend the work of [3] to derive site/selection diversity eﬀects on the
soft handover gain achievable for uneven user distributions. The model will be explained
in Section 2. The Matern cluster process used to populate the network scenarios will be
discussed in Section 3 and the level of unevenness of this cluster process compared to the
spatial homogeneous Poisson process will be studied. The results are shown and discussed
in Section 4 while Section 5 provides a conclusion and an outlook.
2. ANALYTICAL MODEL
The analysis method to calculate the site/selection diversity gain was taken from [3]
and will be shortly explained in the following.
The scenario under study is an area with hexagonal cell layout consisting of 39 BSs
as depicted in Figure 1. The BSs are displayed as grey triangles and the cells are shown
as hexagons. The distance between the base stations is set to be 2 km. In the original
approach a homogeneous spatial Poisson process was used to randomly create users within
this scenario as indicated by the black dots. The user density in the picture is set to λ = 2
which maps to an average of two users per square kilometer.
In UMTS networks, the interference within a cell (in-cell interference) is greatly inﬂuenced by the interference in its neighboring cells (other-cell interference). Thus, only cells
with surrounding neighboring cells are taken into consideration for the calculation of the
results. In our case only the inner seven cells, highlighted in the picture, are used.
A set of formulae to iteratively calculate the important characteristics of the given
UMTS scenario was taken from [8]. The interference level within a given cell can be
derived by
1  ˆ
Ŝk dk,l νk ,
(1)
Iˆl =
W k
where Ŝk and νk denote the transmission power and activity factor of MS k, respectively,
dˆk,l stands for the path loss of MS k to BS l, and W marks the system bandwidth in

Figure 1. Snapshot of a homogeneous spatial Poisson process

Figure 2. Snapshot of a Matern cluster
process
X

Hertz. Here, for any variable X expressed in decibels (dB), X̂ denotes 10 10 . The power
control equations (see e.g. [12])
ˆ∗k
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N̂0 +

Ŝk dˆk,l
Rk
Ŝ dˆ ν
Iˆl − k Wk,l i

(2)

deﬁne a way to calculate the eﬀective Eb /N0 ˆ∗k for each MS k. Rk denotes the bit rate of
MS k and N̂0 speciﬁes the background noise power spectral density. Solving Eq. (2) for
Ŝk yields
Ŝk =

W
βk
(N̂0 + Iˆl )
W + βk νk
dˆk,l

(3)

with βk = ˆ∗k Rk , an abbreviation for the product of bit rate and target Eb /N0 of MS k.
Now, for each of the MSs in the given scenario, the initial target Eb /N0 value can be
speciﬁed depending on the data rate of the MS. Using Eq. (3) the initial transmission
power Ŝk necessary to reach this Eb /N0 value at BS l can be calculated for each MS
k and all BSs. In our case, we are only interested in the minimum transmission power
for each MS k considering all BSs as possible receivers. In the next step, this minimum
transmission power Ŝk can be inserted in Eq. (2) to calculate the eﬀective Eb /N0 value of
MS k at BS l.
As mentioned before, a single mobile in an UMTS environment is simultaneously connected to a set of BSs as speciﬁed by the Active Set (AS) of a MS. The AS only depends on
the position of a MS within the given scenario and is derived using the relative strengths

of the received pilot signals as explained in [3]. Therefore, the eﬀective Eb /N0 value is
calculated for all connections between a MS and the BSs in its Active Set.
Depending on these Eb /N0 values, the bit error rate (BER) on the air interface can be
calculated for each single connection by


pb = Q( 2ˆk,l ),

(4)

where the error function Q is given by
1  ∞ x2
Q(x) = √
e 2 dx.
2π x

(5)

In order to derive the frame error rate (FER) from the BER for 12.2 kbps voice users,
the function
f (x) =

tanh(32 ∗ x − 5) tanh(5)
+
2
2

(6)

was taken from [3], which proved to be a good approximation.
Assuming independent FERs for the diﬀerent connections of a single MS, the overall
FER of MS k can be derived by
F ERk =



(F ER(k,l) ).

(7)

k∈ASk

In UMTS environments power control mechanisms are used to adapt the target Eb /N0
value of each MS in such a way that the F ERk is as close as possible to the target
F ER. Increasing the target Eb /N0 results in a lower F ERk while decreasing the target
Eb /N0 yields a higher F ERk . In our analysis, the step size of the adaptation is chosen
proportional to the diﬀerence between the actual and the target FER such that iterative
convergence is reached.
After these adjustments, the next iteration can be started by recalculating Eq. (3) on
the new target Eb /N0 values. Ultimately, this algorithm leads to an iterative reduction
of the interference within the cells and will thus converge to some minimum. Once all
the actual FERs are less than 10−7 above or below the target FERs, the algorithm is
considered to having reached the convergence and stops.
The case where no site/selection diversity is considered can be modeled exactly the
same way with the only exception that the frame error rate F ERk is calculated by
F ERk = min (F ER(k,l) ).
k∈ASk

(8)

Hence, only the connection to the BS with the least requirements is taken into account.
Comparing the results obtained by the analysis using Eq. (8) and Eq. (7) yields the
site/selection diversity gain.
The assumption of independent FER values for the diﬀerent connections of a single MS
does not hold in practice. Therefore, this approach is a best-case consideration and yields
the maximum gain reachable with site/selection diversity.

3. CLUSTERED SPATIAL PROCESSES
Several publications can be found in the literature using homogeneous spatial Poisson
processes for generating user ﬁelds within the analyzed scenarios, such as [11] and [8].
However, the user distributions found in practice are rather uneven, such that the Poisson
process cannot reﬂect these scenarios.
Therefore, we will use a Matern process, a special type of a Neyman-Scott process,
to generate clustered user ﬁelds. The Matern process employs a homogeneous spatial
Poisson process with density λe to create the parent points which are used as the centers
of the clusters. In the next step, the daughter points are generated in circles with radius R
around each parent point. This is performed using another homogeneous spatial Poisson
process with density µ. These daughter points will represent the users in our model.
An example of a resulting scenario is depicted in Figure 2 with parameters λe = 1,
R = 0.5, and µ = 6.
A Matern cluster ﬁeld is still homogeneous by deﬁnition (see [10]). However, it is not
as evenly distributed as the spatial homogeneous Poisson process. In order to measure
the level of unevenness of the considered user distribution, the pair correlation function
(pcf)
ˆ(r)
;r ≥ 0
λ2

g(r) =

(9)

will be used, where ˆ(r) deﬁnes the second-order intensity and λ is the ﬁrst-order intensity,
as described in [2].
From [10] we know an estimation for ˆ with
n
n 
kh (r − ||xj − xi ||)
1 
,
2πr i=1 j=1 A(Wxj ∩ Wxi )
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and
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; −h ≤ t ≤ h

(11)

(12)

Figure 3 compares the pcf of a normal homogeneous spatial Poisson process to the pcf
of a Matern cluster process with parameters λe = 1, R = 1, and µ = 3. Both processes
have the same density, that is
λ = λe µ = 3,
such that the average number of users is equal for both processes. However, the distribution of the distance between two randomly chosen dots is diﬀerent for the two processes,
since the Matern cluster process produces clusters and short distances will occur more
often.
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Figure 4. Comparison of the unevenness
of Matern cluster processes

The pair correlation function uses this fact to measure the level of unevenness. For
a given radius r, circles are placed around the dots within the given scenario and the
number of dots within these circles is measured. The pcf then states the ratio between
the average user density λe µ and the measured user density within the considered circles.
For the spatial homogeneous Poisson process the ratio is 1 for all radii r since the points
are evenly distributed in the whole area. Obviously, this does not hold for the Matern
cluster process. Figure 3 shows that there are more users in close proximity than for the
Poisson process. This is due to the clusters created by the Matern process.
Since the estimation is not correct for a ﬁnite area, a number of scenarios has been
created and analyzed. The resulting pair correlation functions have been used to calculate
the mean overall pair correlation function.
However, there is a way to calculate the pcf for the Matern cluster process. It has been
derived in [10] as
g(r) = 1 +

f (r)
; r ≥ 0,
2πλe r

where
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(13)
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The equations show that the pcf of the Matern process is independent of the daughter
point density µ. Figure 4 depicts the pair correlation functions for various values of λe
and radii R.

Comparing the three curves for parent point density λe = 1 exhibits two distinct eﬀects
of varying the cluster size R = 0.5, 1, 2 on the pair correlation function.
The ﬁrst eﬀect is that for larger clusters R the pair correlation function of the related
point ﬁeld coincides with the Poisson case only for higher values of r, that is the two
curves coincide for the case that
r ≥ 2R.

(16)

In other words, the unevenness of the Matern cluster process is limited to the circle of two
times the cluster size around the created points. Let λp deﬁne the density of points within
a given circle around some point. Now, if the circle is larger than two times the cluster
size, the number of points within this area matches the density of the overall Matern
cluster ﬁeld, that is
λp = λe µ,

(17)

while circles of smaller size show larger densities of points, i.e.
λp > λe µ.

(18)

The second eﬀect is that small Matern clusters lead to higher local unevenness, which
means that the pair correlation function g(r) of the Matern cluster ﬁelds increases with
diminishing radius R. The term local refers to small values of r. In other words, when
considering a small circle around some point of the Matern cluster ﬁeld, the density of
points within this circle λp , will be higher for smaller Matern clusters R.
On the other hand, Figure 4 also shows the eﬀect of varying the density of the parent
points λe . The value r for which the pair correlation functions coincide with the pcf of the
Poisson ﬁeld stays the same. However, the unevenness increases for smaller densities, e.g.
in the case r = 1, the Matern cluster ﬁeld (λe = 1, R = 1) has the pcf value g(r) = 1.1245
while in the case of (λe = 0.5, R = 1) the pcf value is g(r) = 1.2489, which means that
the unevenness of the Matern cluster process increases for smaller parent point densities.
We can conclude that varying the parent point density λe of a Matern cluster process
will increase the unevenness of the resulting cluster ﬁelds. The point ﬁelds can be directly
compared to one another in terms of their unevenness.
However, changing the cluster size R has a diﬀerent eﬀect. The local unevenness (within
small areas around the points) increases for smaller clusters, but is restricted to an area
of two times the cluster size around any point. This means, that larger clusters exhibit
an unevenness in larger areas. However, the unevenness of the resulting cluster ﬁelds can
not as easily be compared to one another.
In the next Section, the inﬂuence of the unevenness of various Matern cluster processes
on the site/selection diversity gain will be examined.
4. RESULTS
Simulations of 39 cell area were performed to calculate the results. Within this area
diﬀerent Matern cluster processes were used to create random 12.2 kbps voice users. For
each of these scenarios the site/selection diversity was calculated and will be compared
to the results found by using the spatial homogeneous Poisson process. The simulation

has to be repeated for a number of user point ﬁelds in order to retrieve a certain level of
stochastic relevance which is indicated by the 90% conﬁdence interval in all the presented
plots.
The site/selection diversity gain can be stated by diﬀerent measures. One way is to use
the mean interference reduction within the seven inner cells (see Section 2). This is used
in Figure 5, where the abscissa speciﬁes the user density of the point ﬁeld (λ for Poisson
and λe µ for Matern) and the ordinate shows the mean interference reduction in decibels.
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Figure 6. Transmit power reduction depending on AS sizes

The results for the Poisson case can also be found in [3]. As explained in the last Section,
the unevenness of the cluster point ﬁelds created by a Matern process with varying parent
point density λe can be directly compared to each other. Thus, we can derive that the
curve for (λe = 0.5, R = 1) reﬂects a higher unevenness than the curve for (λe = 1, R = 1).
This is directly related to the results shown in Figure 5.
Both curves state an increase of site/selection diversity gain, while the increase in
unevenness leads to larger gains. The run of the curves is almost identical but only
shifted on the ordinate based on the level of unevenness. The observable increase in
site/selection diversity gain ranges from 0.10 to 0.21 dB for λe = 1 and from 0.19 to 0.46
dB for λe = 0.5. We can conclude that the additional gain caused by unevenness increases
proportionally to the level of unevenness in the case of varying parent point density λe .
On the other hand, the curve for (λe = 1, R = 0.5) shows a diﬀerent behavior. As
discussed in the last section, the unevenness of the Matern cluster ﬁelds with varying
cluster sizes can not be directly compared to one another which is conﬁrmed by the
results. While the curve almost coincides with the case of (λe = 1, R = 1) for small user
densities, it approaches the case of (λe = 0.5, R = 1) for larger user densities.
Site/selection diversity gain can as well be stated in terms of transmit power reduction
of the mobile stations. Yet, this kind of gain is heavily dependent on the Active Set size

of a single mobile and should be studied separately. This is done in Figure 6, where the
transmit power reduction in the Poisson case (see also [3]) and the Matern cluster ﬁeld
(λe = 0.5, R = 1) are depicted and compared for Active Set sizes of 1, 2, and 3.
While the mean additional gain only reaches values from 0.01 to 0.06 dB for small
densities it ranges from 0.20 to 0.38 dB for high densities. Comparing the run of the
curves with identical AS sizes shows that the additional gain caused by the unevenness
of the user distribution can be found for all MSs in the scenario.
These results may seem non-intuitive at ﬁrst sight. However, the positive eﬀect of
uneven user distributions on the site/selection diversity gain can be explained as follows.
The higher the level of unevenness of the underlying user distribution, the more will the
average traﬃc load for a single cell change. Here two distinct cases are possible. The
ﬁrst case is that the cell experiences considerably more traﬃc. This happens if one or
more clusters happen to fall within this cell. The second case is that there are no clusters
within a cell, such that there is only a very small number of users to be handled by this
BS. Both of these cases, however, have a positive eﬀect on the average interference within
the cell.
For the second case this is obvious, since if there is only light traﬃc within a cell,
the interference level will be low also. For the second case the result is less obvious.
Nevertheless, from looking at Figure 5 we can derive that the maximum soft handover
gain reachable increases proportionally to the load of the cell. This is what happens in
the second case, where the average load in a cell increases and thus the site/selection
diversity gain increases.
Considering the two cases, we can derive that the overall average interference reduction,
which is the sum of all the individual gains, adds up to be higher in clustered user
environments than for Poisson ﬁelds.
5. CONCLUSION AND OUTLOOK
The eﬀect of uneven user distributions on the macro-diversity gain in UMTS networks
has been studied. Matern cluster ﬁelds were discussed and the pair correlation function
was introduced as a way to measure the level of unevenness of the resulting point ﬁelds
compared to the frequently used spatial homogeneous Poisson process.
A method was described to estimate the pair correlation function of a given cluster point
ﬁeld. In addition, we presented a way to calculate the exact pair correlation function for
Matern cluster ﬁelds depending on the parent point density and the cluster size.
The inﬂuence of these parameter on the level of unevenness was studied for various
Matern cluster ﬁelds. It was shown that varying the parent point density results in cluster
ﬁelds that can be directly compared in terms of their unevenness. However, changing the
cluster size results in point ﬁelds that can not be easily compared to one another.
Simulation were performed in order to study the inﬂuence of the unevenness. We proved
that the macro-diversity gain proportionally increases with higher levels of unevenness of
the underlying point ﬁeld. This non-intuitive result is caused by the fact that uneven user
distributions cause higher variation of the cell load experienced by single BSs. Two cases
can be distinguished, that is BSs with higher average load and BSs with considerably
lower average load. However, both of these cases where shown to cause an increase of the

site/selection diversity gain.
The results underline the great impact of macro-diversity on the capacity and coverage
of UMTS networks, since simulation results performed for user point ﬁelds created by the
spatial homogeneous Poisson process perform worse than the more realistic cluster ﬁelds
studied here.
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