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Capacity Analysis Methodology and 
Performance Evaluation for Indoor Environments

Multiple-input multiple-output (MIMO) systems
make use of multiple antennas at the transmit-
ter and receiver sides to offer significant
increases in data rates and link robustness at

the same bandwidth and overall transmit power [1] as a
single-input single-output (SISO) system in the presence
of a scattering-rich environment. The performance of
MIMO communication links is often evaluated using
capacity as a performance measure [1], as it approxi-
mates the throughput in the presence of good error cor-

recting codes and adaptive modulation. Evaluation of the
MIMO channel capacity requires knowledge of the wire-
less propagation channel, which can be obtained by car-
rying out channel measurements. In some cases,
however, it is not possible to obtain channel measure-
ments easily or there might not be sufficient channel data
available to evaluate the MIMO channel capacity in that
location. In this article, we describe a capacity evaluation
methodology that relies on channel measurement data or
output of ray-tracing simulations to obtain channel para-
meters, which can then be used to evaluate MIMO chan-
nel capacity. The available channel measurements (if
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any) can be used to validate results obtained from ray-
tracing simulations.

In this article, we illustrate the proposed methodolo-
gy by applying it to wireless deployment in aircraft, to
reduce expenditure associated with the installation and
maintenance of wires for seatback entertainment. The
large data rates required can be easily supported by
MIMO systems. However, the interior of an aircraft
appears at first to be a hostile environment for MIMO
communication. Specifically, it is unclear if the hollow-
tube structure of the aircraft will provide the scattering-
rich environment that is needed to make MIMO feasible
in terms of performance gains. While one line of thought
likens the airplane structure to a hollow waveguide that
does not support scattering, another line of thought is
that the multimodal structure of hollow tubes will cause
sufficiently low spatial correlation between multipath
components to make MIMO feasible. Unfortunately, due
to limited aircraft availability because of tight construc-
tion and maintenance schedules, measurements cannot
be easily taken in aircraft. We applied the proposed
capacity analysis methodology to show that perfor-
mance gains are indeed possible in aircraft. Ray-tracing
simulations are carried out using electromagnetic soft-
ware to evaluate capacity and optimize antenna place-
ment locations and/or antenna configurations. For our
analysis, we carried out the ray-tracing simulations in
Site-Specific System Simulator for Wireless System
Design (S 4W ) (a three-dimensional (3-D) ray-tracing
simulator developed at Virginia Polytechnic Institute
and State University, Blacksburg, Virginia [2]), for a
number of client antennas distributed throughout the
aircraft. While this methodology is described for aircraft
(for illustration), it is easily extended for evaluating
capacity and optimizing antenna placements and anten-
na array configurations in any indoor environment. We
adopt the free-space path-loss model for our illustration,
due to the lack of a path-loss model in literature for air-
craft environments. The methodology can be extended
to suit any general indoor path-loss model. 

The deployment of wireless devices and systems in
airplanes has raised a lot of concerns about safety due to
the possibility of interference caused by the devices to
aircraft navigation [3]. There has been extensive research
and testing carried out by Boeing, Qualcomm [4], and
Lufthansa [5] to establish that the operation of a wireless
local area network (WLAN) in an airplane is safe and does
not hinder the navigation of the airplane.

This article is organized as follows. In the next sec-
tions, we present an overview of the proposed capacity
analysis methodology and detail the channel model
adopted, as well as list the measurements obtained in
the aircraft. We then describe the ray-tracing approach
used to obtain channel data like the number of clusters,
the mean angles of arrival and departure, and angular

spreads of each cluster and evaluate the capacity using
the free-space path-loss model. Finally, the proposed
method is validated, the results of the capacity analysis
methodology are presented, and a conclusion is given.

Proposed Capacity Analysis Methodology

Figure 1 shows that the inputs to the channel generator
block include the channel parameters [number of clusters,
the mean angle of arrival (AoA) and angle of departure
(AoD), and angular spread (AS) per cluster], the number of
antennas and the array configurations at the transmit, and
receive sides. These input parameters can be obtained
from channel measurement data or the output of ray-trac-
ing software (S 4W ). The inputs for the S 4W simulator
include the transmitter and receiver locations, antenna
array configurations, and the propagation environment
model. The channel generator is used to generate multiple
channel realizations by Monte Carlo simulations with the
number of clusters, mean AoD (or AoA), and angular
spread per cluster. These multiple realizations ensure ran-
domness due to scattering. The inputs to the capacity eval-
uation block are the multiple channel realizations, number
of transmit and receive antennas, and the appropriate
path-loss model. We use this information to generate the
capacity of each communication link as a function of the
distance between the transmit and receive antennas. 

In our specific example, we have channel measure-
ments for a single communication link in the aircraft. We
use these measurements to show that deploying MIMO in
aircraft yields performance gains and also to validate the
ray-tracing simulator—S 4W , used to evaluate the perfor-
mance of different arrays in aircraft environment. We also
use S 4W to select access point (AP) and client antenna
(CA) placement locations from the candidate locations.
Due to the absence of path-loss models for an aircraft
environment, we used the free-space path-loss model.
Note that this is merely for illustration purposes.

In the following, we explain each of the blocks in
greater detail. We first describe channel modeling and the
procedure to generate multiple channel realizations,
using either measurements or S 4W outputs. We then
advance into capacity evaluation methodology and finally
present the results.

Channel Modeling

Realistic channel models are necessary to estimate the
capacity of a MIMO communication link without having to
go through the expense of directly measuring it. There is
extensive literature available on wireless channel models,
both indoor [6], [7] and outdoor [8], [9]. Like all practical
channels, the channel in an aircraft exhibits spatial corre-
lation. One of the most popular models that includes cor-
relation is the clustered channel model. In [10], Ingram
and Van Nguyen show that channel models disregarding
cluster effects overestimate channel capacity.



The earliest and most popular clustered indoor chan-
nel model was proposed by Saleh and Valenzuela and is
called the Saleh-Valenzuela (SV) model [6]. In this model,
received rays are grouped together in clusters, distin-
guished on the basis of time only. The SV model is only
applicable to single antenna systems. It can be extended
to multiple antenna systems through the use of both AoA
(or AoD) and time to distinguish between clusters [11].
The proposed methodology makes use of the combined
spatio-temporal clustered channel model to characterize
the propagation environment within an aircraft. 

Discrete-Time Propagation Modeling
The discrete-time impulse response of the clustered
channel is found using a parametric approach. Ray trac-
ing is used in the proposed methodology to predict the
impulse response of the indoor wireless channel. Hence,
the parametric model is the best option here. The dis-
crete-time channel impulse response of a narrowband
system is given by H = (1/

√
L)

∑L −1
l =0 Hl , where L is the

number of clusters, and Hl is the discrete-time impulse
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where N stands for the number of rays in the cluster with
k as the index, and αk is the complex Rayleigh channel
coefficient. The gains of the receive and transmit antennas
at angles of φr
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, respectively, that can be obtained from

antenna radiation pattern measurement campaigns. The
receive and transmit array response vectors are given by
ar and at (given in [12]). Finally, (.)† stands for the Hermit-
ian transpose. Note that (1) assumes that all the antennas
in the array have the same radiation pattern. This can be
easily generalized using more cumbersome notation. 

The channel parameters required for this model are
the number of clusters, the mean AoA, mean AoD, and
angular spread per cluster. As shown in Figure 1, these
parameters can be obtained from either channel mea-
surements or from outputs of ray-tracing simulations.

Channel Measurements
Boeing provided channel measurement data, taken
aboard the economy class of a Boeing-777 aircraft, for
a single transmitter and receiver location, using mono-
pole antennas. The channel parameters were obtained
using angular delay spectrograms (angle versus time
and power color plots) for both the transmit and
receive sides using a measurement setup similar to
that employed by Intel [13]. After empirically predict-
ing clusters from the plots, parameters like AoD for the
transmitter side, AoA for the receive side, and angular
spreads were calculated. The results of the channel
measurements are summarized in Table 1. (The chan-
nel parameters reported are obtained by truncating the
actual parameters obtained from measurements.) We
use this channel measurement data to show that per-
formance gains are indeed possible in aircraft using
MIMO systems.

We use the available limited measurement data to vali-
date the proposed approach. In the absence of measure-
ment data, channel parameters can be obtained using
ray-tracing simulations as described in the next section.

FIGURE 1  Capacity analysis methodology used for evaluating the MIMO system performance.
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Cluster AoD (Tx) AS (Tx) AoA (Rx) AS (Rx)

Cluster 1 170◦ 20◦ 340◦ 20◦

Cluster 2 180◦ 15◦ 350◦ 10◦

Cluster 3 210◦ 20◦ 20◦ 10◦

Cluster 4 10◦ 10◦ 340◦ 20◦

TABLE 1 Channel Measurement Data from Boeing.
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Application of Ray-Tracing Software

In the event that measurements are not available or not
sufficient, we can apply ray-tracing software to obtain
channel parameters by the method described in this sec-
tion. These channel parameters, after proper validation,
can be used for applications like optimizing antenna
placement locations for the access point and client anten-
nas in the indoor environment, determining which anten-
na array configuration yields the best data rate,
estimating coverage area, etc. We apply ray-tracing simu-
lations to evaluate performance for the first two applica-
tions in the aircraft scenario.

There are four essential steps to obtaining channel
parameters using ray-tracing software, as follows.
1) Ray-tracing software (S 4W , in our case) require a con-

struction of the actual propagation environment. This
is why they are known as site-specific models. In our
case, we constructed 3-D models of the aircraft, com-
plete with details like aircraft curvature, seat loca-

tions, and material properties for added accuracy.
(The material properties of aircraft materials were
provided to us by Boeing and cannot be disclosed
due to a confidentiality agreement.) This is illustrat-
ed in Figure 2. Note that it is necessary to make the 3-
D model as accurate as possible. It is also essential to
define a reference frame for the coordinate axes in
the model.

2) The second step is to place the access point and
client antennas at the desired locations in the 3-D
model. The details of the antenna locations are fed
into the ray-tracing software using the coordinates of
the locations in the 3-D model constructed. In the air-
craft scenario, we place the access point and client
antennas at the locations shown in Figure 3. We place
12 client antennas in a uniform fashion across the air-
craft to obtain a distribution of the capacity across
the aircraft. Figure 3(a) shows that there are four pos-
sible antenna placement locations. The squares and
circles represent the access point and client antenna
locations, respectively. Using the methodology we
described in the “Proposed Capacity Analysis
Methodology” section, we determine which of these
four locations is the best option.

3) After ensuring that the simulation set-up is com-
plete, we use the 3-D models generated to run S 4W
simulations for each of the 12 client antenna loca-
tions. These simulations are run for each of the four

FIGURE 2  Different views of the 3D model constructed for simula-
tions in S4W . (a) Front view, (b) side view, and (c) perspective
view.

(a)

(b)

(c)

FIGURE 3  Simulation set-up, showing the (a) two AP and two CA
candidate locations and (b) location of the access point (square)
and 12 client antennas (circles) in a model of the economy class of
Boeing-777.

(a)

(b)
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possible access point–client antenna locations. The
outputs of the S 4W simulations include the AoD,
AoA, power, and time of arrival of each of the rays at
the client antenna.

4) The S 4W outputs are then used to obtain channel
parameters using the spatio-temporal clustered chan-
nel model that identifies clusters on the basis of both
time and similar AoDs (or AoAs). For the aircraft sce-
nario, we used the S 4W outputs of each of the 12
client antenna placements to generate power-angle-
delay plots. An example of this plot is illustrated in
Figure 4. It is clear from the figure that there are four
distinct clusters. The mean AoA and AS of each of the
clusters is obtained as a mean and standard deviation,
respectively, of the AoAs within each cluster. For the
example in Figure 4, we obtained the AoAs to be 275◦,
260◦, 230◦, and 210◦, with angular spreads of 20◦, 20◦,
20◦, and 15◦, respectively with respect to the broad-
side of the array.

Capacity Analysis Methodology

Capacity has been used in the literature to evaluate the
performance of MIMO arrays exploiting space, polariza-
tion, and pattern diversity in realistic spatially correlated
channels [14], [15].

The inputs to the capacity evaluation block in Figure 1
are the channel realizations generated by (1), the number
of transmit and receive antennas, and the path loss. By
assuming that the process that generated the multiple
channel realizations, over a particular location, is ergodic,
the capacity of the MIMO systems is then evaluated as
the ergodic mean of the capacity of the channel for each
of these channel realizations. 

The ergodic capacity is estimated by the sample mean
given by 

C(ρ) = 1
R

R −1∑
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where ρ is the transmit signal-to-noise ratio (SNR), R is
the number of channel realizations with r as the index,
H(r ) is the rth channel realization and Lo is a loss factor
in linear scale. In some cases, it might be necessary to
evaluate the ergodic capacity that is only a function of
channel quality and not a result of path-loss effects. To
ensure a fair comparison with the independent identically
distributed (i.i.d.) channel case, the normalization factor,
1/RMTMR

∑R−1
r=0 ‖H( r)‖2

F(L o) is included in (2). In

some other situations, like optimizing antenna placement
locations, it is necessary to account for path loss. In such
instances, we let the loss factor Lo be equal to the factor
by which the transmit SNR will get reduced. When path
loss is to be ignored, we use Lo = 1.

Path-Loss Model
Path-loss information in indoor channels is essential for
determining the receive SNR and, hence, the coverage
area. Thus, path-loss modeling is essential for selecting
optimum antenna placement locations. Unfortunately, as
there are no known verified path-loss models for an
aircraft setting, we used the free-space path-loss model as
a substitute. The free-space path loss is given by

PL = 16π2d2

λ2
, (3)

where d is the distance between the transmitter and
receiver in meters, and λ is the wavelength of the propa-
gating wave. This is an extremely simplistic model that
does not account for shadowing effects in the physical
environment. We have used the free-space model for illus-
tration purposes. For general indoor environments, the
model can be replaced by any indoor path-loss model
available in literature.

The impact of people on the performance of antennas
for mobile phones has been studied in [16] and that of
moving people on the channel impulse response in [17]
for a WLAN. It has been shown in [16] that the received
signal power was reduced by 3–4 dB when the impact of
people was taken into account. This loss can be incorpo-
rated into the path-loss model. We will analyze the perfor-
mance of MIMO systems, taking into account the effect of
people seated and moving in the aircraft as a part of
future work.

FIGURE 4  Example of a power-delay-angle plot used for estimat-
ing the number of clusters, the mean AoA and angular spread
using S4W outputs.
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Results

The results of the capacity analysis methodology
described in Figure 1 are shown in this section for 4 × 4
MIMO systems. The antenna arrays employ vertically
polarized monopoles. We consider the uniform linear,
uniform circular and star array configurations mounted in
the vertical plane.

Validation of the Ray-Tracing Approach
The single-link channel measurement data provided by
Boeing is used to first show that capacity gains are attain-
able in aircraft using MIMO. The single-link measurements
are then used to validate the ray-tracing approach
detailed in the “Application of Ray-Tracing Software” sec-
tion. In this section, we consider uniform linear arrays at
the access point and client antennas, with an inter-ele-
ment spacing of 1λ, where λ is the wavelength corre-
sponding to the frequency of operation.

These data were first used
to show that performance
gains are possible in an air-
craft. We compared the data
rates obtained in the aircraft
with that of the i.i.d. case and
ignore path loss to make a fair
comparison with the i.i.d.
case. The results of the capac-
ity analysis are shown in Fig-
ure 5. It is evident from the
figure that implementing
MIMO systems in aircraft
yields significant gains (gains
up to 400% at SNR = 20 dB) as
compared to a SISO system.

We then proceeded to vali-
date the results obtained from
S 4W using the measurements
provided. For the same link
whose measurements were
provided by Boeing, channel
parameters were estimated
using the approach described
in the previous section (given
in Table 2). Note that the val-
ues in Table 2 are obtained

using simulations, whereas the ones in Table 1 are actual
measurements. They differ due to the approximations
involved in the simulation process. The estimated chan-
nel parameters yield capacity shown by the dotted line in
Figure 5. It is in close approximation to the one obtained
from actual measurements. We thus validated the results
obtained from S 4W using measurements taken aboard
the aircraft.

Antenna Placement and Antenna Array Configuration
In this section, we provide the results of optimizing the
antenna placement location and array configuration that
involve simulations in S 4W to obtain channel parameters.

Antenna Placement Location
The optimum antenna placement location is chosen from
among the four combinations of candidate AP-CA place-
ment locations, as described previously. For each of the
four combinations of the antenna placement locations,
the receive SNR of the 12 MIMO communication links was
calculated (using the free-space path-loss model, for a
fixed transmit power of 20 mW) and used to evaluate the
ergodic capacity of each link. The mean ergodic capacity
and standard deviation of each AP-CA placement location
are calculated as the average and standard deviation of
the capacities of the 12 communication links shown in
Figure 3 (listed in Table 3, for uniform linear arrays with
four transmit and four receive antennas).

Cluster AoD (Tx) AS (Tx) AoA (Rx) AS (Rx)

Cluster 1 155.25◦ 19.64◦ 29.52◦ 15.49◦

Cluster 2 210.14◦ 9.83◦ 319.96◦ 39.48◦

Cluster 3 139.56◦ 25.36◦ 49.06◦ 29.87◦

Cluster 4 24.95◦ 18.29◦ 120.40◦ 20.07◦

TABLE 2 Channel Parameters Measured Using S 4W for the
Access Point and Client Antenna Locations Used by Boeing
for Measurements.

FIGURE 5  Capacity versus (transmit) SNR plot that shows the capacity gain for a 4 × 4 MIMO system
over the SISO link. We can see that the capacity obtained using S4W is in close approximation to
that obtained from channel measurements.
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The optimum AP-
CA placement is the
location with the
maximum mean and
the lowest standard
deviation. In our
case, the optimum
location for the AP
and CA placement is
above the ceiling
panel and inside the
display terminal,
respectively. The
values in Table 3 do
not account for the
attenuation effects
of seats, ceiling pan-
els, walls, etc. It is to
be noted that the
values obtained
here are very high
because the free-
space path-loss model does not take into account the
shadowing effects caused by the seating arrangement.
Also, in the free-space model, power decays as a function
of the square of the distance. This may not be a true rep-
resentation of the actual path-loss scenario in aircraft. 

Antenna Configuration
We consider three commonly used array configurations—
uniform linear array (ULA), uniform circular array (UCA)
and the star configuration [12], using vertically polarized
monopoles, as discussed previously. The interelement
spacing for each of the configuration was selected to meet
the maximum size constraints provided by Boeing. The
maximum dimensions of the enclosure to house the anten-

na arrays are given in Table 4. To estimate the actual array
size permissible, we considered half of the dimension val-
ues given (so as to make space for wiring etc., as per Boeing
specifications). The interelement spacing for each of the
configuration was selected to meet these size constraints.

We choose the best antenna configuration for the trans-
mit and receive antennas by placing the AP and CAs in Loca-
tion 2 of Table 3, shown to be the optimum antenna
placement location. The results of the simulations are
shown in Figure 6 for symmetric configurations, i.e., the
same antenna array configurations are used on the transmit
and receive sides. Asymmetric configurations yield capacity
curves that lie in between the ones shown. Figure 6 shows
that the UCA gives the best rate gains as compared to the

FIGURE 6  Comparison of the capacity obtained by using different array configurations at the AP and the CAs.
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Transmitter/ Receiver Location Dimensions Comments

Transmitter Ceiling panel 8 × 4 × 1 Large face against panel
Fuselage crown 8 × 4 × 1 Large face against crown

Receiver Below seat 12.5 × 9.4 × 2 Large face against seat legs
Inside display terminal 9.4 × 7.4 × 1.4 Large face against seat back

TABLE 4 Dimensions of Enclosures for the Antenna arrays (in inches).

Access Point Client Antenna Mean Ergodic Standard 
Location Location Location Capacity Deviation

1 Above ceiling panel Below seat 26.61 b/s/Hz 10.23 b/s/Hz
2 Inside display terminal 32.37 b/s/Hz 8.82 b/s/Hz
3 Top of fuselage crown Below seat 24 b/s/Hz 10.80 b/s/Hz
4 Inside display terminal 33 b/s/Hz 9.38 b/s/Hz

TABLE 3 Results for AP and CA Placments.
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other configurations, as it has the highest interelement spac-
ing among the three configurations considered.

Conclusion

We proposed a capacity analysis methodology that can
be used in situations where it is difficult to obtain mea-
surements. This methodology, based on ray-tracing simu-
lations, requires the construction of a realistic 3-D model
of the propagation environment. We described a tech-
nique to obtain the parameters of a clustered channel
model using the outputs of these ray-tracing simulations.
We illustrated the given methodology for an aircraft sce-
nario, where sufficient measurements were not available.
We validated the proposed approach using single-link
measurement data from a Boeing-777 aircraft.

Author Information

Ramya Bhagavatula (bhagavat@ece.utexas.edu)
received her B.S. degree from Birla Institute of Technolo-
gy and Sciences (BITS), Pilani-Dubai Campus in 2005. She
receive her M.S. degree in 2006 from The University of
Texas at Austin in electrical engineering. She is currently
pursuing her Ph.D. under the supervision of Dr. Robert W.
Heath, Jr. in MIMO antenna design and channel modeling
at the Wireless Networking and Communications Group,
The University of Texas at Austin. She won the IEEE Best
Student Paper award at the IEEE Vehicular Technology
Conference, Spring 2007 in Dublin, Ireland. She was also
the recipient of the Aileen S. Andrew Fellowship in 2007
and the David Bruton Jr. Fellowship 2007–2008.

Robert W. Heath Jr. (rheath@ece.utexas.edu)
received the B.S. and M.S. degrees from the University of
Virginia, Charlottesville in 1996 and 1997, respectively,
and the Ph.D. degree from Stanford University, California
in 2002, all in electrical engineering. He is currently an
associate professor at The University of Texas at Austin
and associate director of the Wireless Networking and
Communications Group. He is the recipient of the David
and Doris Lybarger Endowed Faculty Fellowship in Engi-
neering and is a registered Professional Engineer in
Texas. He is a Senior Member of the IEEE.

Sriram Vishwanath (sriram@ece.utexas.edu)
received his B.S. at Indian Institute of Technology (IIT)
Madras, M.S. from California Technical Institute (CalTech),
and his Ph.D. from Stanford University, all in electrical
engineering. He is currently at the University of Texas at
Austin as an assistant professor in the department of Elec-
trical and Computer Engineering. His research interests
are in wireless systems and networks. His industry experi-
ence includes work at the National Semiconductor Corpo-
ration in California and at the Lucent Bell Labs, New
Jersey. He received the ARO Young Investigator Award in
2007, the National Science Foundation Early CAREER
award in 2005, and the IEEE Communications/ Information
Theory Societies’ Joint Best Paper Award in 2005.

Antonio Forenza (antonio@rearden.com) received
the M.S. degree in telecommunications engineering
from Politecnico di Torino, Italy, and Eurecom Insti-
tute, Sophia Antipolis, France, in 2001, and the Ph.D.
degree in electrical engineering from The University of
Texas at Austin in 2006. In 2001, he interned as a sys-
tems engineer at Iospan Wireless, Inc. over the sum-
mers of 2004 and 2005, as a research engineer at
Samsung Advanced Institute of Technology (SAIT),
Korea, and Freescale Semiconductor, Inc., Austin,
Texas. Since June 2006, he has been working for Rear-
den, LLC, San Francisco, California, as a senior systems
engineer. He authored the IEEE VTC’06 Best Student
Paper and has published over 30 international journal
and conference papers and standards contributions.
His research interests include MIMO antenna design,
adaptive MIMO transmission techniques, precoding
methods for MU-MIMO, and smart antenna signal pro-
cessing. He is a Member of the IEEE.

References
[1] A.J. Paulraj, D.A. Gore, R.U. Nabar, and H. Bolcksei, “An overview to MIMO

communications—A key to gigabit wireless,” Proc. IEEE, vol. 92, no. 2, pp.
198–218, Feb. 2004.

[2] T. Rappaport, S. Varadarajan, and S. Shakkottai, S 4W (Site-Specific System
Simulator for Wireless System Design), NSF Montage Project [Online]. Atail-
able: http:// filebox.vt.edu/_cbergstr/s4w/

[3] L. Li, J. Xie, O.M. Ramahi, M. Pecht, and B. Donham, “Airborne operation of
portable electronic devices,” IEEE Antennas Propagat. Mag., vol. 44, pp.
30–39, Aug. 2002.

[4] “QUALCOMM and Connexion by Boeing Testing In-Flight Mobile Phone
Communications,” Press Release: QUALCOMM, Aug. 2005 [Online]. Available:
http://www.qualcomm.com/press/releases/2005/050808_connexionbyboe-
ing.html

[5] J. Lehne, “Project Lufthansa FlyNet: Use of WLAN during the Lufthansa Broad-
band Trial,” in Proc. WAEA Single Focus Workshop—Wireless LAN, Nov. 2003.

[6] A.M. Saleh and R.A. Valenzuela, “A Statistical Model for Indoor Multipath Prop-
agation,” IEEE J. Select. Areas Commun., vol. 5, no. 2, pp. 128–137, Feb. 1987.

[7] J.W. Wallace and M.A. Jensen, “Statistical characteristics of measured MIMO
wireless channel data and comparison to conventional models,” in Proc. IEEE
Veh. Tech. Conf., Oct. 2001, vol. 2, no. 7–11, pp. 1078–1082.

[8] A.F. Molisch, “A generic model for MIMO wireless propagation channels in
macro- and microcells,” IEEE Trans. Signal Processing, vol. 52, pp. 61–71, Jan.
2004.

[9] J. Fuhl, A.F. Molisch, and E. Bonek, “Unified Channel Model for Mobile Radio
Systems with Smart Antennas,” IEE Proc. Radar, Sonar and Navigation, vol.
145, Feb. 1998, pp. 32–41.

[10] K. Li, M. Ingram, and A. Van Nguyen, “Impact of Clustering in Statistical Indoor
Propagation Models on Link Capacity,” IEEE Trans. Commun., vol. 50, no. 4, pp.
521–523, Apr. 2002.

[11] Q. Spencer, M. Rice, B. Jeffs, and M. Jensen, “A Statistical Model for Angle of
Arrival in Indoor Multipath Propagation,” in Proc. IEEE Veh. Tech. Conf., May
1997, vol. 3, pp. 1415–1419.

[12] A. Forenza and R.W. Heath Jr, “Impact of antenna geometry on MIMO com-
munication in indoor clustered channels,” in Proc. AP-S Int. Symp., Jun. 2004,
vol. 2, pp. 1700–1703.

[13] A.S.Y. Poon and M. Ho, “Indoor multiple-antenna channel characterization
from 2 to 8 GHz,” in Proc. IEEE Int. Conf. Commun., May 2003, vol. 5, 
pp. 3519–3523.

[14] D.S. Shiu, G.J. Foschini, M.J. Gans, and J.M. Kahn, “Fading correlation and its
effect on the capacity of multielement antenna systems,” IEEE Trans.
Commun., vol. 48, no. 3, pp. 502–513, Mar. 2000.

[15] A. Forenza and R.W. Heath, Jr., “Benefit of pattern diversity via 2-element
array of circular patch antennas in indoor clustered MIMO channels,” IEEE
Trans. Commun., vol. 54, no. 5, pp. 943–954, May 2006.

[16] J. Toftgard, S.N. Hornsleth, and J.B. Andersen, “Effects on Protable Antennas of
the Presence of a Person,” IEEE Trans. Antennas Propagat., vol. 41, no. 6, pp.
739–746, June 1993.

[17] M. Klepal, R. Mathur, A. McGibney, and D. Pesch, “Influence of propel shadow-
ing on optimal deployment of WLAN access points,” in Proc. IEEE Veh. Tech.
Conf., Sept. 2004, vol. 6, pp. 4516–4520.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


