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ABSTRACT 
 
This paper motivates the use of electromagnetic ray tracing for the study of smart antennas in Space Division Multiple 
Access (SDMA) systems.  Whereas past ray tracing studies applied to the study of wireless communications systems have 
been conducted at low spatial resolution for cell-site design, this study makes use of high resolution data so that fast fading 
effects could be observed.  Uplink diversity gain and downlink signal to interference ratio data is simulated for several 
mobile user environments to gain insight into the fundamental performance limiting criteria of SDMA systems.  Mobile 
environments were varied from several simple artificial urban environments to a simulation of downtown Austin, Texas.  
When applicable, all simulation results compare favorably with measurement data taken using the smart antenna testbed at 
the University of Texas at Austin. 
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1. MOTIVATION 
This paper demonstrates how electromagnetic ray tracing techniques can be applied to the study of smart antenna systems.  
With this approach, mobile user location, trajectory, and environment can be tightly controlled and experiments are 
completely reproducible.  The controllable outdoor mobile environment allows complex vector channel propagation 
characteristics to be studied in a simple form before more realistic scenarios are simulated and compared with field 
measurements.  Furthermore, simulations can be repeated to gain not only representative data, but also a statistical 
description of system performance in different scenarios.  Finally, accurate computer simulation of the vector channel for 
various outdoor environments can allow next generation Space Division Multiple Access (SDMA) systems to be studied 
without the need for costly field measurements with prototype hardware. 
 
Ray tracing has been applied to the study of communications systems in the past by many researchers1,2,3,4,5.  CPATCH6, the 
“shooting and bouncing ray” (SBR) electromagnetic ray tracing system used in this study, has previously been used to model 
RF propagation in an urban environment1.  However, whereas most of these past studies consider either single antenna 
systems or have been run at low spatial resolution for cell-site design purposes, this study makes use of high resolution (λ/10) 
data so that fast fading effects could be observed in the vector channel.  While it is not practical to expect fast fading to 
correspond exactly to field measurements at high spatial resolution, creating realistic fast fading situations can allow typical 
system performance to be studied in depth. 
 
 

2. SIMULATION BACKGROUND INFORMATION 
Determining the performance of SDMA systems is a relatively new area of study.  While it may be easy from a high level 
communications perspective to want to characterize system performance strictly in terms of bit error rate versus signal to 
noise ratio, there are many more factors that can be considered.  Winters7 identifies three main limiting factors to 
communications system performance.  These are: 

•  Multipath fading 
•  Co-channel interference 
•  Delay spread 

The techniques used in this study can be applied to examine all three of these limiting factors.  However, for the purposes of 
this paper, only the first two will be considered.   
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Multipath fading can easily be understood using the ray tracing approach of this paper.  A receiver in a particular 
environment will be receiving rays that are launched from the transmitter.  These rays take different paths when travelling 
from transmitter to receiver and will thus have different amplitudes and phases.  The principle of superposition states that the 
total field at the receiver will be the sum the contributions of each of the individual rays.  At the receiver, the rays will 
destructively and constructively interfere with each other.  The level of this interference will fluctuate rapidly since it is 
extremely sensitive to position, orientation, and environment.  Thus, the total power reaching the receiver will experience 
large fluctuations that are referred to as multipath fading.  To combat multipath fading while maintaining a constant bit error 
rate (BER) generally involves increasing transmit power. 
 
Co-channel interference (CCI) refers to the signal energy received by a particular mobile user from all the other mobile users 
in the system.  Since the signal of one mobile user contributes to the interference of all the other users, simply increasing 
transmit power is not a feasible solution.  The amount of co-channel interference that a communications system can tolerate 
is closely linked to the maximum capacity of the system.   
 
The research of Winters7 has shown that the use of SDMA systems can combat all three of the fundamental limitations to 
communication system performance mentioned above.  The purpose of choosing the quantities simulated in this study is to 
illustrate and quantify how SDMA systems overcome these limitations compared with conventional single antenna systems.  
The rest of this section describes the parameters simulated in this paper for various mobile user environments and describes 
how these parameters characterize the manner in which SDMA combats fundamental communication system limitations. 
 
 
2.1.   Uplink Diversity Gain 
Diversity gain is a specific measure of the value of using an antenna array over a conventional single antenna system.  Uplink 
diversity gain measures the value of using a base station antenna array for uplink (mobile user transmission to base station) 
by strictly considering how much more raw power can be received or transmitted respectively by using a greater number of 
antenna array elements.  Equation 1 is the basic expression for uplink diversity gain8: 
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Pi,j is the sum of the power received at each of the first i antenna elements in the array when the mobile user is at the jth 
position.  P1,1 is thus the power received at the first element in the array due the first mobile user position.  The use of an 
unweighted combination of these powers in the determination of Pi,j illustrate that uplink diversity gain was meant to be 
independent of uplink direction of arrival (DOA) algorithm used by the smart antenna array.  There is thus an inherent 
assumption that all power received is equally useful to the SDMA system whereas in reality the output of the antenna array is 
weighted as governed by the uplink DOA algorithm.  In this study, i=1,2,4, or 8 to compare the uplink diversity gain between 
four different antenna array sizes; i=1 corresponds to the use of a conventional single antenna system.  Theoretically, in the 
absence of multipath effects, uplink diversity gain should equal 10log10M where M is the number of antennas in the array 
under consideration.  Therefore, the degree to which uplink diversity gain differs from this theoretical value provides a 
measure of how well an antenna array of variable size combats multipath fading. 
 
 
2.2.   Downlink Signal to Interference Ratio 
Downlink Signal to Interference Ratio (SIR) information describes the amount of CCI that is present during downlink (base 
station transmission to mobile user).  For the purposes of this study, all scenarios measuring SIR used two mobile users.  
Thus, the portion of the signal, from the base station array to one mobile user, that reaches the other user is the interference.   
The simulation of SIR in this study was strictly in terms of signal and interference power rather than through consideration of 
a specific modulation scheme for bit error rate calculations. 
 
The SIR simulations in this study assume time division duplexing.  The uplink spatial signature8,9 estimates are made as often 
as possible allowing the downlink beamforming weights for the next mobile position to be calculated with the most recent 
uplink information (i.e. the uplink spatial signature of the current mobile position).  While this may not be completely 
realistic in an actual SDMA system implementation, it provides valuable information by giving an upper bound on SIR 
performance.  The only way performance could theoretically be improved would be if the downlink weights were formed 



using the actual mobile user position at that time.  This simulation setup was also chosen so that direct comparisons could be 
made with the measurement data collected by Jeng8.   
 
Downlink SIR performance strongly depends upon which downlink beamforming method is used.  For further description of 
the downlink SIR methods used in this study, please refer to Dandekar9 or Jeng8.  DOA information gathered during uplink is 
used by a given downlink beamforming algorithm for the purpose of transmitting information most efficiently from the base 
station to the mobile user.  Each downlink beamforming method has its own design philosophy for how best to accomplish 
this efficient transmission.  Essentially the base station smart antenna system can either focus or null transmitted energy in a 
particular direction.  The directions chosen for this focusing or nulling operation based upon uplink information is where the 
various downlink beamforming methods described in greater detail below, differ. 
 
 
2.2.1.   Dominant DOA Downlink Beamforming Method 
The dominant direction of arrival (DOA) method is the most intuitive of the downlink beamforming methods.  In principle, 
for a given mobile user, it takes the angle at which there is the greatest received power during uplink and focuses all 
transmitted energy in that direction.  This concept is illustrated in Figure 1. 

 
Figure 1 – Dominant DOA Beamforming Method Illustration 

In the above figure, the arrows represent various paths that transmitted energy can take from the base station to each of the 
mobile users.  The highlighted arrow illustrates the DOA that would be used for the dominant DOA method for mobile user 
1.  In order to focus all transmitted downlink energy in the direction of the dominant DOA angle, θDOM, the angle 
corresponding to the maximum spatial spectrum10 value during uplink is chosen.  The dominant DOA method then needs to 
take this angle and choose weights for each of the array element downlink excitation currents to focus transmission as much 
as possible.  The weight chosen is simply the steering vector10 corresponding to angle θDOM.   
 
 
2.2.2.   Pseudoinverse DOA Downlink Beamforming Method 
The pseudoinverse DOA method is conceptually similar to the dominant DOA method.  In addition to transmitting in the 
direction of the strongest DOA of the desired user, nulls are placed in the antenna radiation pattern at both the non-dominant 
DOAs of the desired user and all the DOAs of any other mobile users in the system.  Thus, instead of trying to maximize 
signal power alone, as is done in the dominant DOA method, in this method signal power is maximized while minimizing 
interference power seen by other mobile users.  This concept is illustrated in Figure 2. 
 



 
Figure 2 – Pseudoinverse DOA Method Illustration 

In the above illustration, the pseudoinverse DOA method is applied for transmission from the base station to mobile user 1.  
The dotted lines indicate the non-dominant DOA of the desired mobile user and all DOAs of mobile user 2 which are nulled 
by the transmitting base station.  The non-dotted line indicates the direction in which transmission is focused just as in the 
dominant DOA method.  The process through which this nulling operation is implemented is significantly more complex than 
the method used in the dominant DOA method. 
 
 
2.2.3.   Simple Spatial Signature Downlink Beamforming Method 
To communicate with a mobile user, the simple spatial signature (SS) method uses the spatial signature of that mobile user as 
the downlink excitation current weight vector.  It differs from the prior two methods in that instead of focusing signal energy 
only in the direction of the dominant DOA of the desired mobile user, it steers the beam of signal energy in all directions 
corresponding to the desired mobile user.  Since the representation of spatial signature encapsulates the relative strength and 
phase of energy coming from different directions during uplink, this information is similarly applied during downlink using 
this method.  Figure 3 illustrates this concept. 
 

 
Figure 3 – Simple Spatial Signature Method Illustration 

In the figure above, the darkened lines illustrate the directions in which the beam will be steered by the base station for 
transmission to mobile user 1.  The relative strength and phase of each of these beams used for transmission correspond to the 
relative strength and phase during uplink.  
 
 
2.2.4.   Pseudoinverse Spatial Signature Downlink Beamforming Method 
The final downlink beamforming method considered in this paper is the pseudoinverse spatial signature (SS) method.  
Whereas the simple SS method tries to maximize SNR without inserting nulls, the pseudoinverse SS method attempts to 
maximize SNR while inserting nulls.  Specifically, nulls are inserted at the DOAs corresponding to the spatial signature of 
the other mobile users in the system.  Figure 4 illustrates this concept. 
 



 
Figure 4 – Pseudoinverse Spatial Signature Method Illustration 

The dark lines illustrate the DOAs corresponding to the components of the spatial signature of mobile user 1.  The dotted 
lines show the same information for mobile user 2.  The basic idea behind this method for transmission to mobile user 1 is 
that the beam is steered according to the spatial signature of user 1 while placing nulls according to the spatial signature of 
user 2.  
 
 

3. SIMULATION RESULTS 
All simulations were run at 1.8 GHz using CPATCH. Rays were launched from the transmitting antenna with a 1° burst angle 
in three dimensions. The spatial resolution at which mobile user field information was taken was in λ/10 increments over a 
physical travel distance of 2 meters.  The complexity of the models studied ranged from as low as 12 facets for the generic 
urban scenarios all the way up to 24,000 facets for the facet model of downtown Austin.   
 
When non-perfect electric conducting materials were used in the simulations, the following material properties were used.  
Distinctions were only made between ground materials and building material.  Based upon the information in Lytle11 and 
Kavak12 a relative permittivity of εr = 2 was used to model the asphalt ground surface of urban environments.  Based upon the 
work of Lawton4, a relative permittivity of εr = 9 was used to model the building walls.  The latter permittivity information 
has no clear accepted value in the literature, with values ranging from 4 to 15 being reported4.  This is because the 
measurement of this value is highly dependent upon weather conditions and building materials.  Thus, many ray tracing 
studies of this type measure this quantity empirically for the particular environment under study. 
 
 
3.1.   Uplink Diversity Gain Results 
Many generic urban scenarios were simulated in the course of this study.  For brevity, only representative results will be 
given in this paper.  Please refer to Dandekar9 for more simulated scenarios.  A case was simulated to verify the developed 
software tools by observing the theoretical values of uplink diversity gain in the absence of multipath signal components for 
an antenna array with 1, 2, 4, 8 elements.  The developed system produced results that were very close to the theoretical value 
of 10log10M where M is the number of antenna array elements. 
 
A more complex generic urban scenario was constructed to test a non line of sight (NLOS) scenario.  An illustration (not 
drawn to scale) of this scenario and the uplink diversity gain results generated are shown below in Figures 5 and 6.  For the 
purposes of simulation verification, the layout of the scenario was generally in agreement with the measurement study of 
Jeng8. 
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Figure 5 – NLOS Generic Urban Case 
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Figure 6 – NLOS Generic Urban Case Uplink Diversity Gain 

 
The magnitude of fluctuation in the uplink diversity gain graphs indicates the effect of multipath fading on the system.  Since 
there is significant variation in the uplink diversity gain graphs for this NLOS generic urban case compared to the simulated 
scenario without any buildings to provide multipath signal components, we observe the intuitive result that multipath fading 
is playing a significant role in this scenario.  Most importantly, notice that as the number of antenna array elements increased, 
the uplink diversity gain deviation decreased.  This illustrates the ability of larger antenna array systems to better reduce 
multipath fading.  The results from the study of all generic urban cases are in qualitative and quantitative agreement with the 
measurement study results given in Jeng8. 
 
To provide a more realistic simulation environment, a computer model of downtown Austin, Texas was studied.  
Specifically, two cases were run corresponding to line of sight (LOS) and non-line of sight scenarios.  A rendering of the 
downtown Austin model is shown in Figure 7.  The results are shown below in Figures 8 and 9. 

 
 

 
Figure 7 – Downtown Austin Model 
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Figure 8 – LOS Austin Model Uplink Diversity Gain 
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Figure 9 – NLOS Austin Model Uplink Diversity Gain

 
The results show that multipath fading is present in both of these simulated scenarios.  Again, both of these graphs show the 
ability of large antenna arrays to better cope with multipath fading effects.  Specifically, this is illustrated in Figure 8 by the 
“smoothing” effect on large fluctuations in the uplink diversity gain by using more antenna elements.  Thus, the qualitative 
result of the generic urban scenarios carry over to the more realistic model.   
 
Another interesting result was obtained by comparing the results of Figures 8 and 9 with similar simulations using perfect 
electric conducting (PEC) materials instead of realistic material definitions.  In both cases, the mean uplink diversity gain was 
consistently higher and the standard deviation of the uplink diversity gain was consistently lower when using realistic 
material definitions instead of PEC materials.  This is an intuitive result because with PEC simulations, rays reflecting off of 
model surfaces do not lose any energy because they are perfectly reflected.  Thus, all other things being equal, multipath rays 
reaching the base station from the mobile user will be stronger when PEC materials are used instead of more realistic 
dielectric material definitions.  This is an important result because some ray tracing studies still consider only PEC materials 
instead of using more realistic material definitions. 
 
 
3.2.   Downlink Signal to Interference Ratio Results 
Downlink SIR simulations were performed on four generic urban scenarios.  These cases correspond to the following general 
situations encountered in the wireless channel: 
•  Line of Sight  
•  Line of Sight with 1 Dominant Multipath 
•  Non Line of Sight 
The first simulated case corresponds to a very difficult LOS scenario for an SDMA system.  As illustrated in Figure 10 
below, the two mobile users were separated by 100 meters with less than 1° of angular separation with respect to the base 
station.  This is particularly challenging because it can be difficult for the uplink direction of arrival algorithm to resolve the 
two users.  It is similarly difficult for the downlink beamforming algorithm to transmit information to one user without 
increasing the interference seen by the other user.  Figure 11 below shows the downlink SIR results for the four methods 
tested.  As seen in this figure, the two pseudoinverse methods outperformed both the dominant DOA method and the simple 
spatial signature method.   
 
Conceptually, it is not difficult to explain these results which agree well with the measurement study of Jeng8.  Since the two 
mobile users have such a small angular separation, methods that rely on directional transmission alone are not going to be 
able to avoid transmitting a signal intended for one mobile user to the other mobile user.  This explains why the dominant 
DOA method and simple spatial signature method did not perform well in terms of SIR.  In contrast, the two pseudoinverse 
methods rely on both directional transmission and directional nulling.  Thus, these methods can allow the base station to 
perform directional transmission to the desired user and (to a certain extent given that the mobile users have small angular 
separation) directional nulling to the other mobile user. 



 

 
Figure 10 – LOS Generic Urban Case 
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Figure 11 – LOS Generic Urban Case Downlink SIR 

 
The second simulated case, illustrated below in Figure 12, considers a LOS case with one dominant multipath.  All downlink 
SIR methods performed well as seen below in Figure 13, just as predicted in the measurement study of Jeng8, with the 
methods that performed the best fluctuating the most.  Again the pseudoinverse DOA method and the pseudoinverse SS 
method perform the best, followed closely by the simple SS method.   
 

 
Figure 12 – LOS with 1 Dominant Multipath Generic 

Urban Case 

0 2 4 6 8 10 12
10

20

30

40

50

60

70
User 2 Downlink SIR - Weight Constantly Updated

Mobile Displacement (Wavelengths)

SI
R
 (d
B
)

Dom. DOA 
Pinv. DOA
Simple SS
Pinv. SS 

 
Figure 13 – LOS with 1 Dominant Multipath Generic Urban Case 

Downlink SIR
 

The next scenario, shown in Figure 14, is a NLOS scenario very much like the NLOS scenario studied when considering 
uplink diversity gain.  The downlink SIR results for this scenario, again like the measurement results in Jeng8, show that all 
of the methods perform well, with no method clearly superior, for all mobile user displacements. 
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Figure 14 – NLOS Generic Urban Case 

0 2 4 6 8 10 12
-10

0

10

20

30

40

50
User 1 Downlink SIR - Weight Constantly Updated

Mobile Displacement (Wavelengths)

S
IR
 (d
B
)

Dom. DOA 
Pinv. DOA
Simple SS
Pinv. SS 

 
Figure 15 – NLOS Generic Urban Case Downlink SIR

 

 
Figure 16 – Generic Alley Case 
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Figure 17 – Generic Alley Case Downlink SIR

 
The final tested scenario, shown above in Figure 16, is also a NLOS scenario.  Again, like the previous NLOS scenario, none 
of the downlink SIR methods outperformed the other methods for all mobile user displacements.  In short, the results of these 
last two NLOS cases show that it is possible to encounter scenarios in which all four downlink beamforming methods 
perform comparably well. 
 
 

4. CONCLUSIONS 
There are many quantitative conclusions that can be drawn from the results of this study.  However, the most important 
conclusion lies in the fact that ray tracing has been shown in this study to be an effective means for simulating next 
generation SDMA systems.  While one of the most fundamental limitations of ray tracing is the lack of site specific data, this 
study has shown how generic urban cases can be constructed to consider the various aspects of communications system 
performance.   
 



In particular, this study has verified several conclusions about SDMA system performance.  The ability of larger antenna 
arrays to effectively mitigate multipath fading was demonstrated in all simulated cases.  Concerning downlink beamforming 
methods, the methods that relied upon both directional transmission and nulling performed particularly well in terms of SIR 
in situations in which the DOAs of the mobile users were hard to distinguish.  These methods, the pseudoinverse DOA 
method and the pseudoinverse SS method, also performed particularly well in other LOS scenarios.  In other NLOS cases, all 
downlink beamforming methods performed well with no method clearly superior. 
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