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Abstract—In WCDMA systems, in particular with the
introduction of high-speed multimedia services, the demand for
good indoor coverage will become important. Overlaying macro
cells can provide a sufficient level of general indoor coverage for
most of the cases. However, in order to be able to provide
WCDMA indoor coverage and capacity within traffic hot spots,
such as airports, shopping malls and large office buildings, the
deployment of dedicated in-building systems may be required.

In this paper, the gain of deploying dedicated in-building systems
in terms of HSDPA indoor coverage and capacity is studied; first,
with a simple analytical reasoning and after that, with advanced
system simulations. The results show that the HSDPA
performance can be improved considerably within the indoor
hotspot area by deploying a dedicated in-building system. The
results also demonstrate how a dedicated in-building system can
off-load the overlaying macro cell, and as a result of that,
improve the grade of service considerably for the co-existing non-
HSDPA users.
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. INTRODUCTION

In the initial roll-out of WCDMA networks, macro base
stations have typically been deployed to cover both outdoor
and indoor areas. The networks are planned to support indoor
traffic but there might be indoor areas with poor coverage. In
such situation a dedicated in-building system can be a solution
to the problem. Moreover, even in areas with sufficient
coverage from the macro base stations, dedicated in-building
systems can be used to off-load the macro network.
Furthermore, with the introduction of high-speed multimedia
services, and e.g. the High-Speed Downlink Packet Access
(HSDPA) technology [1], the demand for good indoor
coverage will become even more important.

The impact of deploying dedicated in-building systems has
been studied for example in [2] and [3]. Furthermore, in [4], the
impact of indoor traffic on macro cell uplink and downlink
capacity has been discussed. In this paper, two means to serve
an indoor traffic hot spot are compared; outdoor-to-indoor
coverage, and through a dedicated in-building system. Both the
HSDPA performance inside the building and the speech
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capacity in surrounding macro cells are evaluated. The HSDPA
performance is discussed based on the downlink carrier-to-
interference ratio equation and numerical results are obtained
through dynamic system simulations including detailed
propagation models.

The rest of this paper is organized as follows. First, in
Chapter II the impact of deploying dedicated in-building
systems is discussed based on analytical reasoning. Then, in
Chapter III, the assumed system scenario and the most
important simulator models are introduced. The system
simulation results are presented in Chapter IV. Finally, some
conclusions are drawn in Chapter V.

II. ANALYTICAL REASONING

Based on analytical reasoning, using the WCDMA
downlink carrier-to-interference ratio as a starting point, this
chapter discusses how the HSDPA performance is affected by
the different deployment options.

A. General

Due to the link adaptation functionality, the HSDPA bit rate
for a certain user k served by a base station j is an increasing
function of the downlink Carrier-to-Interference Ratio [1, 5],
W.» defined as
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where Pygy; is the transmit power on High-Speed Downlink
Shared Channel (HS-DSCH), Gy; is the path gain towards the
serving base station, ¢; is the non-orthogonality factor, P, is
the total base station output power, B is the total number of
base stations, and N; is the mobile receiver noise power. Now,
let Py, be a fraction f; of the maximum base station output
power, P,,. Furthermore, for simplicity, let P, = P, and
Ptot,[ = Pmt S Pmax v l ThU.S,
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Figure 1. A rough estimate of the distribution of F}; values for the outdoor-
to-indoor and the dedicated in-building scenarios.
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B.  HSDPA Outdoor-to-Indoor Coverage and Capacity

For a HSDPA user sharing the macro cell capacity with
non-HSDPA users having higher priority, e.g. speech, the value
of B, will become lower than in case of a “pure” HSDPA cell.
The higher the level of co-existing traffic, the smaller the value
of B;. Looking at (2), it is obvious that a smaller £ ; results in
a smaller y;, and thus, a lower user bit rate. Furthermore, for a
user k inside a building, a simple assumption could be that the
building penetration loss L, is the same towards all surrounding
macro base stations. Thus, the value of F; would not depend
on L;. However, the value of Gy is reduced by L, resulting in
lower x; values, and consequently, lower user bit rates. The
lower user bit rates can be motivated further by the fact that as
a result of the reduced G; the required Associated Dedicated
Physical Channel (A-DPCH) transmit power is increased,
resulting in smaller 3, for the HS-DSCH.

From the HSDPA cell capacity point of view, the key issue
is the distribution of %, values over the cell coverage area.
Since the HS-DSCH is a shared channel, a scheduling function
is needed to decide which HSDPA user is allowed to transmit
on HS-DSCH. As mentioned, the bit rate of a certain HSDPA
user k depends on the carrier-to-interference ratio J; and the
HSDPA cell throughput depends on the bit rates of the
scheduled users.
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Dedicated
In-Building
System

Top Floor
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Figure 2. A rough estimate of the distribution of ¥ //, values for the
outdoor-to-indoor and the dedicated in-building scenarios. Solid lines
represent the results per floor, while the dashed lines are representing the
distribution over the entire building.

C. HSDPA Indoor Coverage and Capacity with a Dedicated
In-Building System
When a dedicated in-building system is deployed to serve
the indoor traffic, the HSDPA performance is expected to
improve. There are a few main reasons for this:

e For a user inside the building, the path gain towards
the in-building base station is usually much larger
than the path gain towards the closest macro base
station, which not only reduces the impact of receiver
noise on ¥, but also results in smaller F; ;. As a result,
%,; will improve, and consequently the HSDPA bit
rate.

e  The value of the non-orthogonality factor ¢ ; depends
on the multipath channel profile experienced by a user
k: the wider the delay spread, the larger the ;.
Looking at (2) it is obvious that a larger ¢ ; will result
in a lower y; and thus, a lower user bit rate.
Typically, a user connected to a macro base station
will experience a multipath channel with a wider
delay spread compared to a user connected to an in-
building system.

e Assuming that the building will contain only a few
high priority users, a larger fraction of the base station
power can be allocated to HS-DSCH. Thus, f; will
become larger, resulting in an improved %, and a
higher user bit rate.

e Looking at the building as a whole, the distribution of
Gy, values will become more favorable, ¢; and Fy;
values will become smaller, and larger f; can be
allowed compared to the scenario, where HSDPA
users are covered with the macro cell. As a result, the
%, distribution will improve, and thus, the overall
HSDPA cell capacity will become larger.

The effects of the first and last bullets can be observed by
looking at the path loss distributions within the assumed
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Figure 3. Location and size of the modeled building.

deployment scenario, which is described in more detail in
Chapter III. By using the information about the path losses
between the base stations and the HSDPA wusers, the
distributions of Fy; and y /B can be obtained, see Figure 1
and Figure 2, respectively. In Figure 2, it has been assumed
that P,, = 0.5-P,,,. and N, = -99 dBm. Furthermore, for the
outdoor-to-indoor scenario ¢ is assumed to be equal to 0.66,
while for the dedicated in-building system ¢ ; = 0.32 for all
users. The above ¢; values are valid for a traditional RAKE
receiver. By using a G-RAKE receiver [6] part of the intracell
interference could be suppressed, resulting in a smaller ¢, and
thus, better HSDPA performance.

As can be seen, the F}; values are considerably reduced as a
result of the dedicated in-building system. Even if the possible
increase in f; is ignored, the CIR values become considerably
larger. As can be expected, CIR is improved the most on the
lower floors, which are also the most difficult to cover with
macro cells. For example, for the worst 10™ percentile of the
users on the ground floor, CIR is improved by 15 dB. The gain
in CIR is reduced the higher up in the building the user is
located. The reason for this is two-fold: firstly, the users on the
upper floors have already a fairly good macro cell coverage to
start with. Secondly, the interference from macro cells, i.e. the
level of the intercell interference is also higher on the upper
floors compared to the lower floors. Hence, for the users on the
upper floors, the gain in CIR is mainly caused by the improved
downlink orthogonality. As a result of this uneven
improvement in bit rates on the different floors, the dedicated
in-building system results in fairly similar user performance
throughout the building.

III. SYSTEM MODEL

In this paper, the analytical reasoning presented above is
verified with advanced dynamic system simulations. The
studied deployment scenario corresponds to an urban macro
cellular environment. The simulated system consists of seven
three-sector sites in a homogenous hexagonal pattern. The site-
to-site distance is equal to 1500 m. A wrap-around technique is
used to remove any border effects.
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Figure 4. Structure of the assumed in-building system.

The modeled building is located in one of the macro cells,
as shown in Figure 3. The building consists of six identical
floors with an area of 80 m * 80 m. The height of each floor is
3.5 m. The path loss values between the macro sites and the
mobiles are calculated using the COST 231 — Walfisch-
Ikegami model [7]. On top of that, for mobiles located inside
the modeled building, the additional building penetration loss
including the floor height gain is calculated using the non-line-
of-sight model as defined in [7].

The dedicated in-building system, which is assumed in this
paper, consists of a standard macro base station connected to a
passive coaxial distributed antenna system [8]. The entire
building is covered with one cell, and each floor is covered
with five antennas, see Figure 4. Furthermore, the in-building
system is assumed to be operating on the same -carrier
frequency as the overlaying macro cell. The path loss between
an in-building antenna and a mobile inside the modeled
building is based on the Ericsson modified Keenan-Motley
model [9]. For the passive distributed antenna system, a total
loss of 23 dB is assumed for each antenna. The path loss
between the in-building system and a mobile outside the
modeled building is based either on the line-of-sight, or non-
line-of-sight building penetration models [7], depending on
how far away from the building the mobile is located.

For connections towards a macro base station and the in-
building system, the 3GPP Typical Urban and the 3GPP Rural
Area channel models [10], respectively, are applied.
Furthermore, a constant speed of 3 kmph is assumed for all
users in the system.

All the main radio network algorithms, such as fast power
control, soft handover and admission control are modeled in
the simulator. For HSDPA, models described in [11] have been
used. Furthermore, in this paper five spreading factor 16 (SFys)
codes have been allocated for HS-DSCH, and the HSDPA
mobiles are assumed to support a maximum of five codes, and
both QPSK and 16QAM modulation schemes. Finally, a
proportionally fair scheduler [12] has been assumed.
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Figure 5. Normalized HSDPA cell throughput versus median normalized
HSDPA packet bit rate for different levels of background traffic.

IV. SIMULATION RESULTS

The offered traffic consists of two services: speech and
packet data. Speech users are always allocated a dedicated
channel, while packet traffic is always transmitted over a HS-
DSCH. During the simulations, speech users are uniformly
generated over the whole system area, but not within the
modeled building. Data users, however, are generated only
within the building. The users are initially connected to the
closest cell, macro or in-building, from the path loss point of
view. Furthermore, the users can set up soft handover
connections towards any cells that have been identified by the
soft handover algorithm.

The assumed packet service is based on a simple packet
download model. There, a user enters the system according to a
Poisson process, downloads a file of a fixed size of 200 kbytes,
and leaves the system as soon as the file has been successfully
received. Only the downlink traffic is considered during the
simulations.

HSDPA Quality of Service (QoS) is evaluated based on the
packet bit rate distribution. The packet bit rate is defined as the
size of the packet in bits (1.6:10°) divided by the packet delay,
i.e. the time elapsed from a packet is requested at the server to
the time when it is assumed to be correctly received by the
user. The packet bit rate is evaluated for increasing load, i.e.
the number of HSDPA users within the modeled building.
HSDPA capacity is measured by the cell throughput, which is
defined as the total number of delivered bits (packet traffic)
during the simulation divided by the simulation time.

In Figure 5, the two deployment options, “outdoor-to-
indoor” (O2I) and “dedicated in-building system” (DIBS), are
compared. The different colors on the curves indicate the
normalized level of background speech traffic within the macro
cells. The dashed curves represent the results for the O2I
scenario, while the solid curves present the simulation results
for DIBS. As can be noticed, by deploying a dedicated in-
building system to serve the HSDPA users, both the HSDPA
quality and capacity can be improved considerably, which is in
line with the analytical reasoning in Chapter II.
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Figure 6. Average total non-HS power in the overlaying macro cell as a
function of the normalized HSDPA cell throughput.
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Figure 7. Simulation results for the speech user blocking probability as a
function of the normalized HSDPA cell throughput.

The impact of £ is clearly visible in the O2I curves. The
more background speech traffic there is, the less power is
available for the HS-DSCH. As a result, the user bit rates and
the overall cell throughput are reduced. This is also
demonstrated in Figure 6, where the average total non-HS
power for the overlaying macro cell is presented as a function
of the normalized cell throughput. Again, the dashed curves on
the left hand side of the figure are for O2I, while the solid
curves going across the figure are for DIBS.

It becomes obvious by looking at Figure 6 how the
dedicated in-building system offloads the overlaying macro
cell, resulting in lower total output power. Due to the
considerably reduced P,,,.us, the Grade of Service (GoS) is
improved for the background speech users, i.e. the blocking
probability becomes smaller for a certain offered load level.
This is clearly demonstrated by the curves in Figure 7.

The gain in total transmit power is caused by several
factors: Firstly, since the in-building system is dominating
inside the building, it will take care of the indoor traffic, and as
a result of that the HS-DSCH and almost all of the A-DPCHs
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Figure 8. Distribution of the HSDPA packet bit rates per floor.

are no longer transmitted from the macro cell. Secondly, as a
result of the lower macro cell transmit power, the intracell
interference is reduced, which results in lower required
transmit powers for the macro cell users. Thirdly, since the in-
building system assumed in this paper is slightly leaking
outside the building, it will attract some of the close-by
background users to connect to it. This is the reason why the
speech GoS is improved as a result of the introduction of the
in-building system in a scenario without any indoor traffic.

By looking at Figure 5 one can clearly notice how the
performance of the dedicated in-building system does not
depend on the overlaying macro cell load. The obvious reason
for this is that the in-building system is sufficiently isolated
from the macro cell. Thus, neither is the macro base station
interfering the indoor users to a very large extent, nor is the in-
building system attracting too many close-by macro cell users
to connect to it. As a result, the values of F;; and f; do not
remarkably depend on the macro cell load.

Yet another interesting aspect of the indoor coverage is the
obtained HSDPA performance per floor, namely the
distribution of the HSDPA user bit rates. An example of such
comparison is shown in Figure 8. There, the average
background offered load is assumed to be equal to 71%.
Furthermore, the offered HSDPA load is assumed to be low.

As can be expected, for the outdoor-to-indoor scenario, the
obtained packet bit rates are the higher the higher up in the
building the user is located. This is obviously a direct result of
the floor height gain, i.e. the fact that the path loss towards a
macro base station is typically smaller on upper floors than on
the ground floor.

The distribution of the user packet bit rates looks quite
different if the dedicated in-building system is deployed. Now,
the packet bit rates are considerably improved throughout the
building. Furthermore, the differences both within a floor and
between the floors become smaller. Thus, the user QoS
distribution over the building is much more uniform than in
case of outdoor-to-indoor coverage. This is in general caused
by the fact that the F; values are small, and that as a result of

the relatively small path losses between the mobiles and the in-
building base station the thermal noise has only a very small
impact on the total downlink interference. In all, the downlink
CIR does not vary that much between the users served by the
in-building system. A finding, which is well in line with the
rough estimate shown in Figure 2.

V. CONCLUSIONS

In this paper two means to serve an indoor traffic hot spot
were compared; outdoor-to-indoor coverage and through a
dedicated in-building system. Simulation results show that a
dedicated in-building system provides superior HSDPA quality
and capacity within the hot spot area. This improvement is
caused by the reduced path losses between the mobiles and the
serving base stations, reduced relative intercell interference,
improved downlink orthogonality and increased HS-DSCH
transmit power.

Furthermore, it has been demonstrated how the HSDPA
performance depends on the location of the user within the
building. In case of outdoor-to-indoor coverage, users on the
upper floors will typically experience higher bit rates than users
on the ground floor due to the differences in path losses
towards the serving base station. However, in case of a
homogenous dedicated in-building system, users on the ground
floor will obtain a better HSDPA performance compared to
users on the top floor. This is caused by the fact that the level
of intercell interference is the higher the higher up in the
building the user is located.
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