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ABSTRACT— In recent years, the WCDMA radio net-

work performance has been studied with the focus on
deployment of sectorized macrocells. The macrocellu-
lar layer will be enhanced by microcell base stations
within the next two years. As the class of micro-FDD

Node Bs differs in some important aspects from typical
macro Node Bs, it is of interest to investigate the im-

WCDMA HCS systems. Problems related to TDD
Node Bs, which will provide additional capacity for
picocellular applications, are not discussed in this
paper.

The paper is organized as follows. We start with
an analysis of the mutual interferences in section 2.
Following a brief description of the static simulation

pact of these differences and to study effective means of tool and the underlying assumptions in section 3, we
network optimization. To this end, we first analyze the discuss possible optimization methods and present
mutual interferences between macro- and microcells and related simulation results in section 4. The paper

show how they affect the joint capacity of both cell types.
Next, system-level simulations are performed to demon-
strate the influence of various parameters such as the ad-
missible uplink load and common channel power as well
as antenna patterns and their downtilt. Finally, a case
study comprising realistic site positions and propagation
data is performed for verification of the general results.

1 INTRODUCTION

GAINST the background of the immense fin-

ancial efforts necessary for deploying UMTS
FDD networks, it is crucial to utilize the available
spectrum most efficiently. Second generation sys-
tems have shown that microcells are capable of suc-
cessfully enhancing network capacity as patief-
archical cell structures (HCS)

Likewise, microcells in UMTS FDD networks

concludes in section 5.

2 ANALYSIS
2.1 Mutual Uplink Interferences

The analysis is based on the uplink signal-to-inter-
ference-and-noise ratio (SINR) assuming a single-
service network with permanently transmitting mo-
biles. The system is assumed to consist of multiple
macrocells and a single microcell. Basically we fol-
low the approach taken in [1].

In general, there exist three types of multiple ac-
cess interference (MAI) contributions in a cell: the
intracell MAI from users in the own cell, the inter-
cell MAI from neighboring cells of the same layer,
and the cross-layer MAI imposed by cells of the
other layer.

In a macrocell, the UL intracell MAI for the de-

are to be deployed in urban areas characterized by tection of a single user’s signal can be expressed as

high traffic densities. Operators in these areas will
fully utilize their available spectrum for the macro-
cellular layer, so that the need for operating all cells
of the HCS system on theamecarriers arises. Most
of the micro FDD Node Bs available in 2002 will
serve a single sector on one carrier.

Macrocells and microcells of the FDD system,
each forming a layer of cells, impose mutual in-
terferences to each other. The optimum situation
is achieved if the mutual interferences between
these two layers are minimum. This and other
aspects have been investigated for 1S-95 recently
[1, 2]. However, due to the fundamental differences
between 2G and 3G CDMA radio systems it be-
comes necessary to study the scale of the mutual in-
terferences in UTRAN networks. In this work, we
concentrate on FDD networks and determine which
parameters are suitable for network optimization in

Py = Py, (vpCo — 1) (1)
where P;, is the required received signal power per
user at the macrocell site and; is the fractional
load of this cell with respect to the pole capac-
ity C, (0 <wvp <1). Hence,vys represents the
throughput-based load factof, is the pole capac-
ity of an isolated cell in terms of number of users, so
that the product,;C, corresponds to the number of
users currently being connected to the BS.

Similarly, we define for the microceﬂ’;‘ as the
required received signal power at the microcell site
andv, as its fractional load. Note that the required
powers Py, and P are a function of the fractional
loadsv,; andv,. The powers are adjusted by outer
and inner loop power control according to the target
SINR and the current interference situation.



Assuming equal loading conditions in neighbor-
ing macrocells, the intercell MAP,,,, can be de-
scribed as a certain multiple of the intracell MAI
P« by the macro-to-macro intercell interference
ratio F,;,,. Similarly, the interference caused by
users in the embedded microcel,,,, is found
from the required received powers at the microcell
cell site, multiplied by the numbers of users and
weighted by a factof),,;. This factorF),, relates
the expected fraction of the MAI caused by trans-
missions in the microcell to the intracell MAI of the
macrocell. The intercell interference powers at the
macrocell are then
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Collecting the interferences (1) to (3), the macrocell
UL SINR~,, = (E./Ny) can now be expressed as

_ Py
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wherePy is the receiver noise power.
Likewise, the UL SINR~y, = (E./Ny), at a
singlemicrocell within the macrocellular layer is
Pr
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We now want to express the inherent coupling
between (4) and (5) more explicitly. Thus we pro-
ceed by deriving expressions for the pole capacity
of an isolated cell, in which casgy;,, = Fy, =
F,v = 0. For full loading ¢ — 1), the transmis-
sion and interference powers diverge, and thermal
noise can be neglected. Assuming equivalent SINRs
being requested at both cell typ@s, = v, = Viar).
the pole capacities of macrocells and microcells are
equal and follow

1
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where~,,, is the target SINR at chip levél.Note
that for a non-isolated cell, the load= 1 cannot
be reached due to the limiting intercell interference
from surrounding macrocells.

Using (6) in (5) and solving for, yields the
maximum possible fractional microcell load in the
presence of thermal noise and macrocell interfer-
ence

P, Py 1
Pr PG, Cy

(7)
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The bit-level SINR,E,/No, is related toy and the pro-
cessing gairz by B, /No = G - 7.
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Figure 1. The achievable fractional load of the macrocell as
a function of the fractional load in the microcell according to
equation (10). The interference ratios have been taken from our
simulations. The smaller interference ratios for curve (1) yield
a larger achievable fractional load of the macrocell.

For a compact description, we defineas the
ratio of the required received powers at the different
cell sites [1],x = P;,/P;, and abbreviate the de-
gradation of the achievable loading due to thermal
noise power by, = (Py/P: —1) /C,. Thus, we
arrive at an expression fof, in terms ofv,,

vp=(1=8&) —vmFuux. (8)

Likewise, using (1) to (3) in (4), we obtain

: (1 — & — VMFM—M> ) (9)
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By eliminatingy in the preceding equations, the
achievable loading,, of the macrocell is expressed
as a function of the microcell’s fractional loag,
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The joint capacityv,s + v, of the HCS sys-
tem depends on the product of the interference ra-
tios F,,,s and F,,,. A better interference isolation
between the layers will cause lower mutual inter-
ferences, and total capacity increases. This makes
obvious what could have been expected intuitively:
the capacity of the HCS system is maximized for
Fuyv Fyy — min and Fy,,, — min.

A plot of relation (10) is shown in Fig. 1 for
typical values off’ that have been obtained from the
simulations presented in section 4. These curves de-
pict that the interference coupling of the cells is re-
markably weak, i.e. the achievable macrocell load
decreases for very high microcell loadings only.

In contrast to 1S-95, the ratig of the required
received powers is automatically adjusted by SINR
based power control in 3G networks, thus enabling
to benefit from the parallel deployment more easily.



| Parameter | Value |
Radius of macrocells 500 m
Log-normal shadowing) 8.0dB
Target SINRE./No (Viar) -14.5dB
Noise power Py) -106.8 dBm
Receiver noise figure Node B/ UE 3/5dB
Maximum UE transmit power 21 dBm
Total BS Power (43;33)dBm
Maximum DL DCH power (30;20) dBm
DL orthogonality factor ) (0.4;0.06)
Minimum coupling loss (MCL) [5] | (70;53) dB
Antenna height (40;6) m
Allowed macro UL load €,qz, ) 0.60
Maximum active set size 3
Macro antenna omni: gain 11 dBi
Macro antenna sect.: (gain, HPBW)(18 dBi,65)
Micro omni antenna: gain 2.0 dBi

Table 1: Simulation Parameters. Cell radius, antenna heights
and minimum coupling losses are different for the case study.
Unless otherwise stated, the value pairs in parenthesis denote
the settings for macro- and microcells, respectively.

2.2 Downlink

Due to the similar propagation characteristics for UL
and DL and the symmetry of the antenna patterns for
the transmit and receive direction, minimum mutual
interferences in the UL will correspond to minimum
impairments in the DL. A separate analysis for the
DL therefore will yield results similar to those ob-
tained for the UL.

3 STATIC SIMULATION SCHEME
3.1 Simulator

A static simulation tool was used to investigate the
scale of the mutual interferences and to assess the
influence of various parameters on system capac-
ity. Relevant simulation parameters are summar-
ized in Table 1. Soft handover (SHO) has been
modeled with perfect combining and link-level gains
[3]. These gains result in a reduction of the average
transmit power, caused by the improved robustness
of multiple active links against fast fadirfgFurther-
more, a perfect power control (PC) algorithm was
implemented [4], which here was operated with the
constraints imposed by limited transmit powers in
both UL and DL.

A simulation consists of numerous snapshots,
the results of which are averaged to obtain reliable
statistics. Each snapshot represents a single realiza-
tion of a random distribution of users and log-normal
shadowing. In a snapshot, cells are filled with users
until either their maximum allowed UL load or the

2The amount of SHO connections is controlled by adjusting
the “addition window size”Reporting Range 3GPP specific-
ations).

3Equation (13a) fop = 1.
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Figure 2: Microcell path losses for a cell site at (0,0), assuming
an isotropic radiator as antenna.

maximum total DL transmit power have been ex-
ceeded.

3.2 Simulation Areas and Path Loss

Two different areas have been investigated, which
are characterized by different sizes, cell positions
and, most importantly, propagation models.

3.2.1 Areal: Hexagonal Cells and ETSI Path Loss

In Scenario |, hexagonal macrocell sites are arranged
regularly in two tiers, with a single microcell being
embedded in the central macrocell. The central mac-
rocell thereby serves as a reference cell. Unless oth-
erwise stated, three-sectorization has been studied.
Macrocell path losses are computed according to the
ETSI model(L/dB = 128.1 4 37.6log(D)) [6].
Microcell propagation losses are determined for a
Manhattan-like environment similarly to the ETSI
approach [6], Fig. 2 depicts the characteristics of
this model.

3.2.2 Arealll: Case Study

The second area represents downtown Dresden, Ger-
many. The area of 2.3 x 2.4 Knis characterized by

a typically mixed urban building structure and com-
prises 13 Node Bs. The cell positions, sectorization
and horizontal orientation of the 22 macrocells and
5 microcells correspond to those of existing GSM
cells. Using a propagation prediction tool, the path
losses from all antenna locations of the Node B sites
to reference points in the area have been computed
for f = 2000 MHz.#

For the rest of the report, we will denote the two
different simulation areas by Scenario | and Scen-
ario Il, respectively. The general results obtained
for the widely accepted models in Scenario | will be
compared to those obtained for the case study (Scen-
ario Il).

“Data provided by Mannesmann Mobilfunk GmbH.



4 OPTIMIZATION AND RESULTS
4.1 Macrocell Antenna and Downtilt

As a first important parameter, we investigated the
effects of downtilting macrocell antennas. Micro-
cells are omitted , = 0), so that the achievable
fractional macrocell load from equation (10) sim-
plifies and obeys the well-known CDMA capacity
relation

1

X ———. 11
]~+F]M]\/I ( )

VM

The used sectorized antenna is a standard mac-
rocell antenna for UMTS applications (8518 dBi).
The patterns for the various electrical tilt angles

¢l = {0°,---,8°} have been obtained from meas-
urements.

Due to its high gain, the antenna exhibits a dis-
tinct vertical main lobe, which is oriented towards
the horizon if no downtilt is applied. By downtilt-
ing the antenna, this lobe is directed below the ho-
rizon, and the received intercell interference ori-
ginating from surrounding cells is correspondingly
attenuated. This attenuation of intercell interfer-
ence lowers the intercell-to-intracell interference ra-
tio £, Which ultimately leads to an increase of
the achievable fractional load of macrocells accord-
ing to (11).

Fig. 3 shows the interference rati,,, for the
central cell of Scenario | as a function of the antenna
tilt angle, and Table 2 summarizes the related capac-
ity gains.

The minimum interference ratios are obtained
for the optimum tilt angle¢), = 11°, at which
neither the main lobe nor any side lobe of the ver-
tical antenna pattern point towards the source of
other-cell interference. Then the attenuation of
the intercell-interference becomes maximum — a
simple method of system-level interference suppres-
sion which eventually leads to an optimized capacity
(Table 2).

This effect is likewise observable in Fig. 4,
which displays the total number of users achieved
in the simulations for downtown Dresden (Scen-
ario Il) for various downtilts and SHO addition win-
dow sizes. Again, the capacity is maximized for
¢y = 11°. Note that this equivalence of the op-
timum tilt angles for both areas occurs rather acci-
dentally and is caused by the similar cell radii and
antenna heights.

To state it explicitly: downtilting the antenna
provides a strong potential for capacity optimization
in systems with universal frequency reuse. The op-
timum occurs when the attenuation of intercell MAI
is maximum, which is achieved by directing the

SDowntilts ¢5; > 8° are achieved by mechanically tilting
the pattern valid fop$; = 8°. Measurement data provided by
Mannesmann Mobilfunk GmbH.

é Scenario | Scenario Il

M Central cell Total| Central cell Total
3° 4% 5% 1% 1%
11° 61% 39% 24% 19%

Table 2: Capacity gains for pure macrocellular networks for
various downtilts¢s. The gains of the central cells and the
total area are given with respect to a downtiligaff = 0°; dif-
ferences results from the limited number of cells and the corres-
ponding incompleteness at the boundaries.

first significant null of the vertical antenna pattern
towards the main source of other-cell interference.
Unless otherwise stated, a downtilt®f; = 6° was
chosen for the following investigations.
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Figure 3: UL and DL intercell-to-intracell interference ra-
tios Fiy for omni- and three-sectorization vs. the macro-
cell antenna downtilt in Scenario I. Downtilting antennas at-
tenuates other-cell interference, $0 decreases. The com-
monly assumed valué';,, = 0.6 is achieved for a downtilt
Ofd)]u =6°...7°
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Figure 4: Achievable total number of users in the 22 macro-
cells of Scenario Il vs. the antenna downtilt. Downtilting an-

tennas attenuates intercell interference and hence increases ca-

pacity. SHO gains provide additional capacity improvements.
Parameter: size of the soft handover addition wind&). (

4.2 Uplink Load

A major issue discussed for the deployment of mi-
crocells in 1S-95 is @esensitizatiofi2] of the micro-

cell receivers. Desensitization effectively demands
higher transmit powers from microcell users, and
thus reduces the susceptibility to interferences from
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Figure 5: Achieved fractional load and number of users in the
reference macrocell and microcell as a function of the allowed
UL load in the microcell. Scenario I.

surrounding macrocells by making their contribu-
tions relatively less important. The similar concept
of power ratio control[1] serves the same purpose:
achieving a better interference isolation for smaller
cells by adjusting higher intracell power levels.

While these concepts are the key enabler for ca-
pacity optimization in networks in which the power
control mechanism is based on constant received
power, the situation is different for networks with
PC based on SINR, i.e. for UTRAN FDD systems.
In the latter case, the users’ transmit powers are
automatically adapted to the actual interference situ-
ation. In connection with strong intercell MAI from
macrocells (largd,,), this may cause significantly
higher interference levels in the microcells, and con-
sequently leads to the question of the maximum al-
lowed interference loading of microcells.

Admission control in the UTRAN FDD mode is
based on the uplink loagl defined by

NR

~ NR-1 (12)

n
where NR is the rise of the total received wide-
band interference power over the thermal noise floor,
NR = P, ,,./Py,. Please note carefully the differ-
ences between the two loading terms used heyge:
andv,, represent the actual throughputs with respect
to pole capacity that are achieved if the total received
interference levels are limited accordingsig and
un

The average UE transmit powers are related non-
linearly to the loadn by P;, oc 1/(1 —n). That
is, the transmission powers increase nonlinearly
with the network’s load. To guarantee coverage
for transmit power limited mobiles, admission con-
trol ensures the load,, to stay below a defined
limit 7,42, a7 in macrocells. In microcells, however,
mean path losses are lower than in the macrocellular
environment, and capacity instead of coverage is the
primary concern. An increased allowed interference
load 7, will therefore lead to a higher throughput
v, in the microcell. On the other hand, an extremely
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Figure 6: Achieved total number of users in the 22 macrocells
and 5 microcells of Scenario Il as a function of the max. allowed
UL load in the microcells. Parameter: size of the soft handover
addition window R).

high UL load in the microcell may possibly deterior-
ate the interference situation in the surrounding cells
(F,.ar), and will consequently cause a degradation of
both capacity and quality in the macro layer.

This tradeoff has been investigated by varying
the maximum allowed UL load in the microcells,
Nu,maz- The key results are shown in Figures 5 and
6 for Scenario | and Scenario Il, respectively. The
first figure demonstrates how the capacity of the mi-
crocell increases as its load is allowed to rise, and
how this increased microcell loading in turn affects
the macrocell capacity. Note that the degradation of
the macrocell capacity in Fig. 5 basically follows the
characteristic of Fig. 1. In this example, a microcell
capacity increase of 80% is attained by allowing the
UL load to rise from 0.6 to 0.8. These improvements
are achieved without significantly affecting macro-
cell performance.

Fig. 6 shows the influence of, ;... for mul-
tiple microcells on total system capacity in Scen-
ario Il. Parameter in this plot is the size of the soft
handover addition windowER). A larger number
of soft handover connectiondz(> 0 dB) not only
improves total capacity due to the SHO gains, but
also enables to control the throughput degradation
for extremely high microcell loads more smoothly
and hence allows to better exploit the potential of
soft capacity.

In general, permitting a higher UL load in the
microcell enables considerable capacity enhance-
ments without necessarily having a substantial neg-
ative impact on macrocell efficacy. There is, how-
ever, the danger of a severe degradation of the over-
all capacity and quality if the microcell load is not
well-controlled. This was the case fgf, ;4 > 0.9
in both areas.

4.3 Pilot Power Fraction

The cell size is directly related to the transmission
power of the pilot channel as the cell search pro-
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Figure 7: Total transmit power of the microcell (left axis) and
DL SINR achievement (right axis) vs. the microcell pilot power
fraction in Scenario 1.

cedure selects the cell based on signal strength and
SINR measurements of the Primary Common Pilot
Channel (PCPICH).

In all simulations, 10% of the total available
macrocell powers have been allocated to the pi-
lots, and additionally 10% were assumed for the
remaining common channels. In the microcells,
a fraction ppcprog was allocated to the pilot;
the total pilot and common channel power fraction
Was2 - ppcpIcH-

The optimum cell shapes for non-regular posi-
tions of BSs are formed if all cells transmit their pi-
lots with the same power. Varying the strength of
the pilot shifts the cell border away from the site
transmitting its pilot at a higher level. UEs near the
former cell border will then be connected to a non-
optimum cell in terms of path loss, thus increasing
their transmit power and, consequently, intensifying
interference.

The optimum situation with respect to mutual
interferences is therefore achieved if the microcell
pilot power corresponds to that of the surrounding
macrocells, which is not feasible due to the low max-
imum output power of micro Node Bs. Hence, there
is a tradeoff between more balanced interferences
achieved by large microcell PCPICH powers and an
adequate DL power budget accomplished by smaller
PCPICH powers.

These effects are displayed in Figures 7 and 8.
Fig. 7 shows how the total transmit power of the
microcell approaches its maximum possible value
of 33 dBm as the fractioppcpro g of the max. out-
put power which is allocated to the pilot power is in-
creased. The service area of the cell enlarges, and
it becomes problematic to serve this area with the
limited DL DCH power (PLSH =20 dBm). As
a consequence, the fraction of DL connections that
have reached their targets starts to drop (Fig. 7, right
axis).

On the other hand, the large microcell service
area caused by strong microcell pilots reduces the
relative interferences from the surrounding macro-
cells, i.e. F,,, decreases. Correspondingly, the mi-

Solid: Total

Number of users: total and macrocell

0.1 O.lSp 0.2

PCPICH
Figure 8: Achieved total number of users in Scenario Il (22
macrocells, 5 microcells) and in the macrocells as a function of
the microcell pilot power fractiopprcprcm.

| R[dB] || Total Microcells Macrocellg
0 3.8% 45% -1.3%
3 1.8% 21% -1.4%
5 1.2% 15% -1.4%

Table 3: Total capacity gains in Scenario Il achieved by in-
creasing the microcell pilot power fraction from 0.1 to 0.16
(column 2). Traffic redirection, i.e. the increased number of
users in the microcells and the parallel reduction of the number
of connections in the macrocell, are shown in columns 3 and
4, respectively. Parameter: size of the soft handover addition
window (R).

crocell interference to the macrocél),,; increases.
This balancing of the mutual interferences is reflec-
ted in an improvement of the total number of users
that can be served. Fig. 8 shows this increase and the
slight parallel reduction of the macrocell throughput.

The results in Table 3 imply that the overall ca-
pacity gains due to the variation efpcprcy are
small, but that controlling the pilot power provides a
strong means for redirecting traffic into microcells—
an important feature of HCS systems.

4.4 Additional Parameters

4.4.1 Microcell Antenna and Downtilt

In addition to the small omnidirectional dipole an-
tenna, which has been used for the microcell simu-
lations so far, we investigated the performance of a
small sectorized antenna (12 dBi). It was directed
either towards or away from the closest macrocell.
In contrast to the omnidirectional dipole, the sector-
ized antenna can be tilted and thus enables an atten-
uation of the interference contribution from and to
the neighboring macrocells.

The corresponding microcell capacity gains for
Scenario | and a microcell downtilt af0° are at
the order of 10% for various SHO addition window
sizes. This holds for both antenna orientations.



4.4.2 Distance

Although the distance between a microcell and its
surrounding macrocells may not be easily influ-
enced, but is more or less given by radio network
planning, it is of interest to investigate how the spa-
tial separation affects the performance of the HCS
system.

Surprisingly, the impact is lower than one might
expect. If a microcell is located closely to a mac-
rocell, the mutual interferences occur between these
two cells, while otherwise multiple macrocells are
involved. This was confirmed in a series of simula-
tions.

It follows from this consideration, that there are
no constraints for operating a microcell close to a
macrocell, similar to the operation of multiple sec-
tors per site on the same frequency. Hence, itis prac-
ticable to deploy the microcell exactly as required by
the traffic hotspots.

4.5 Total Capacity Improvements

A comparison of four different scenarios in the Dres-
den region (Scenario 1) is used to find the total ca-
pacity improvements achievable by deploying mi-
crocells with correspondingly adjusted parameters.
Let scenario A describe a pure macrocellular sys-
tem with a downtilt ofg); = 3°. In scenario B,
the macrocell downtilt is increased to, = 11°.
Microcells are then deployed in scenario C, whose

Scenario | A ] B ] CcC | D
Parameters

Microcells No No Yes Yes
Macro tilt (¢a7) 3° 11° 11° 11°
Max. loadn, mas || N/A | N/A 0.6 | 0.85
Pilot (pPCPICH) N/A N/A 0.1 0.15
Results

Macrocell users 319.5| 357.8| 362.2 | 350.3
Microcell users 0 0 4.6 50.9
Total users 319.5| 357.8| 366.8| 401.2
Norm. Capacity 100% | 112% | 115% | 126%

Table 4: Case study comparison. The results represent the at-
tained number of users in the 22 macrocells and 5 microcells of
the system. The normalized capacity in the last line is the total
number of users achieved for the specific scenario divided by
the total number of users attained in scenarid?A= 5.0 dB.

loadsn, > 0.9, however, instability in terms of di-
verging transmit powers governs the situation and
leads to a loss of overall throughput and quality.

A large pilot power in microcells slightly in-
creases their capacity. More importantly, the pilot
power fraction provides a convenient means of inter-
ference balancing and traffic redirection. The gains
that result from usinglowntilted sectorized micro-
cell antennasinstead of omnidirectional antennas
have been discussed. Finally, tistancebetween a
microcell and the closest macrocell has been found
to have a low impact on overall performance.

parameters are set to the corresponding values of ACKNOWLEDGEMENTS

the macrocells (max. allowed loag, ;. = 0.6,
ppcprcy = 0.1). Finally, in scenario D these para-
meters are optimized according to the previously
found results. Table 4 summarizes the settings and
lists the resulting relevant figures of capacity.
Surprisingly, there is almost no capacity gain
resulting from the deployment of the microcells if
their parameters are not optimized (scenario C). The
capacity of the system with microcells improves
only if the parameters of the microcells are modified
appropriately (scenario D). This vividly summarizes
the importance of carefully choosing the parameters
for a successful operation of the microcellular layer.

5 CONCLUSIONS

The influence of a number of important parameters
on the joint deployment of macrocells and micro-
cells has been studied for two different areas.

Firstly, it has been shown that reducing the
intercell-to-intracell interference ratios tapwntilt-
ing antennagrovides significant capacity improve-
ments for macrocellular networks.

Secondly, the strongest means for joint capac-
ity optimization was provided by increasing the
lowed uplink loadn the microcell. That is, a higher
allowed UL load in the microcell is crucial for tak-
ing full advantage of the microcell deployment. For

The authors would like to thank P. Schneider, D2
Vodafone, for kindly providing the propagation data
for the case study. Furthermore, we are grateful
to K. Fligg for supplying the antenna measurement
data.
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