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ABSTRACT 

A statistical space-time model for indoor wireless propagation 
based on empirical measurements is compared with results from 
the deterministic ray-tracing simulation tool MSE for the same 
environment. Excellent agreement is found in terms of the dis- 
tributions of arrival times and angular spread for both modeling 
approaches. The MSE package is also use to synthesize MIMO 
channel matrices and determine the theoretical capacity available 
in the tested environments. It is found that, for narrowband chan- 
nels, the spatial clustering of the multipaths limits the capacity 
gains associated with increased array size. 

1. INTRODUCTION 

The parameters of any given wireless communications system are 
to a large extent determined by the propagation characteristics of 
the environment in which it is deployed. Numerous wireless chan- 
nel models have been developed, primarily for propagation out- 
doors, in an effort to predict the effect of the channel without the 
expense of directly measuring it. Most of these models describe 
the temporal properties of the channel, but recent interest in the 
use of multiple antennas on both ends of the communication link 
have led to the development of models that also account for spatial 
spreading of the signal. 

In this paper, we compare two space-time propagation model- 
ing tools for indoor environments. The first is a statistical model 
developed in [l]  using empirical measurements taken at 7 GHz. 
This model generalized the temporal-only model of [2] to include 
spatial multipath propagation statistics. A key component of both 
[ l ]  and [2] is the grouping of multipath arrivals into clusters in 
both space and time. The second model we consider is one based 
on ray-tracing using the RSE (for wireless System Engineering) 
simulation tool developed by Lucent Technologies [3]. We used 
the WiSE package to simulate the same indoor propagation envi- 
ronment that was experimentally probed in [ 11, and compared the 
results with those presented in [I]. As described in the remainder 
of the paper,we found excellent agreement between the two mod- 
els, from the heuristic clustering structure originally observed in 
the channel measurements to the measured statistical parameters 
in the model of [ 11. Our observations complement those presented 
in 141, where agreement was found between results from the WiSE 
software and measurements taken in an outdoor urban environ- 
ment. 

With confidence that WiSE is accurately modeling our in- 
door channel, we used its output to synthesize the multiple-input 
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Fig. 1. Distribution of Relative Angles of Arrival for Measured 
Channel with Best Fit Laplacian Distribution. 

multiple-output (MIMO) channel matrix that would result when 
employing antenna arrays at both transmitter and receiver. This 
allows us to quickly simulate various types of array sizes, geome- 
tries, and locations, and see their effect on capacity without a time- 
consuming measurement campaign. We have found that, for the 
particular building environments tested, the effect of the multipath 
clustering is to limit the capacity gains that are predicted when the 
size of the array is increased, at least for narrowband channels. 

2. PROPAGATION MODELING 

In developing a propagation model for the wireless indoor chan- 
nel, we may approach the problem from either a deterministic or 
a statistical viewpoint. A statistical model can be based on the 
bulk properties of channel sounding measurements which observe 
the channel directly. Altematively, we may use classical propaga- 
tion theory and a knowledge of the physical indoor environment 
to deterministically predict the behavior of the channel. Ideally, 
there should be a firm agreement between constructive, determin- 
istic channel models and the statistical behavior observed in actual 
channels. 
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2.1. Statistical Channel Modeling 

As an example of a statistical model, Spencer, et al. [ 11 have ob- 
served that the indoor wireless channel follows the statistical clus- 
tering model proposed by Saleh and Valenzuela [2] and extended 
this model to include angle of arrival information in addition to the 
time domain impulse response. The time/angle impulse response 
is described in [I]  by: 

w o o  

h(t ,  6 )  = Pkle""6(t - 
l=O k=O 

- Tkl)6(6 - 01 - W k l )  (1) 

which groups arrivals into clusters (indicated by the index 1 )  whose 
arrival is dictated by a Poisson process with rate parameter A. Ray 
arrivals within clusters (denoted by the index I C )  also arrive accord- 
ing to an independent Poisson process with rate parameter A. As a 
result, we expect that the relative times of arrival for both clusters 
and individual rays will be distributed exponentially. 

The additional angular dependence of the model describes clus- 
ters that are spatially localized around a mean cluster angle of ar- 
rival, 81. The parameter W k l ,  which represents the deviation of 
each ray's angle of amval from the mean cluster angle, is described 
by an independent Laplacian random process in which the distri- 
bution of wkl is given by: 

By simultaneously measuring the channel impulse response in 
both time and arrival angle, it was observed in [lltha t the mul- 
tipath amvals accurately fit into the proposed clustering model. 
Most significantly, the distribution of relative angles of individ- 
ual arrivals closely followed the Laplacian distribution from the 
model, as seen in Figure 1. This plot was generated using data col- 
lected at 7 GHz by taking the histogram of the relative angles of 
arrival over all of the measurements using 100 equally spaced bins 
between -180" and 180". The solid line represents the Laplacian 
distribution that minimizes the squared error from samples of the 
data integrated over identical bin widths. 

2.2. Deterministic Channel Modeling 

As a complementary approach, ray-tracing and computational ge- 
ometry can be used to predict the impulse response of the indoor 
wireless channel based on transmitter and receiver characteristics 
and the physical reflectiodtransmission environment of the build- 
ing. Lucent Technologies has developed a 3-D predictive simula- 
tor for wireless channel propagation referred to as WiSE for Wire- 
less System Engineering. It makes use of computational geome- 
try, building environment descriptions, and a complex propagation 
model to predict the highest strength propagation paths from arbi- 
trary transmitter and receiver locations within a static environment 
[3]. Three dimensional ray-tracing is used to include the effects 
of frequency, polarization, the dielectric properties of encountered 
materials, diffraction around corners, and antenna directivity. To 
speed up the computationally intensive task of predicting all possi- 
ble illumination paths from transmitter to receiver, only rays with 
power above a fixed threshold are perpetuated through the model. 
Also, rays which are outside of the three dimensional cone illumi- 
nated by reflections off of a particular wall interface are discarded. 
This simulation tool allows deterministic prediction of the impulse 
response of wireless channels for both time and angle of arrival. 

By comparing the channel impulse responses which result from 
both statistical observation and deterministic simulation, we hope 
to show consistency between the two modeling approaches and to 

Fig. 2. Typical Results of Ray Tracing Simulation for a single 
transmitterheceiver location pair. 

validate the major features of the results. Also, the ray-tracing 
simulation provides full definition of each propagation path. This 
allows some explanation of the underlying causes of the observed 
clustering structure in the channel. In particular, it is possible to 
measure the statistics of the angles of departure from the trans- 
mitter and to observe their possible correlation with the angles of 
arrival at the receiver without a complex system capable of directly 
measuring this information. This would provide a bridge between 
these two channel modeling paradigms and their contribution to 
the design of higher capacity indoor wireless networks and MIMO 
systems. 

3. METHODOLOGY 

We used the WiSE Simulation Package [3] to duplicate the 7 GHz 
channel sounding experiments performed by Spencer [5] in the 
W.W. Clyde Engineering Building located on the Brigham, Young 
University Campus in Provo, Utah. The Clyde Engineering build- 
ing is representative of steel-reinforced, cement block construc- 
tion. The parameters of the simulation were set to most closely 
match the operation of the original measurement system. An ex- 
ample of the ray-tracing results from these simulations is shown in 
Figure 2. The apparent system power was normalized by adjusting 
the simulation ray power threshold to generate the same number 
of arrivals taken over all of the data cumulatively as were detected 
in the measurements. In grouping the impulse response data into 
clusters for analysis, we used the same algorithm that was applied 
to the earlier results. 

The building geometry database needed for simulations was 
taken from original architectural CAD files. To reduce the com- 
plexity of the geometry, it was assumed that the dominant paths 
in the channel impulse response remained in the same horizontal 
plane as the transmitter and receiver. Initially, the building model 
of a single floor consisted of over 2500 wall entities with uniform 
dielectric composition. Using this as a starting point, we con- 
densed the model to focus on the location and properties of scatter- 
ers in the building. This resulted in a final model with much lower 
wall entity density and correspondingly lower simulation time with 
improved statistical results. 
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Fig. 3. Typical Arrival Angle vs. Time Scatter Plot for Simulated 
Indoor Channel. 

4. RESULTS 

The: clustering;structure time and anglt of amivali observed 
im bll]i was; iinmcdiatel% in the: simulationi results,, as. seen'. 
in E@re T. Wking, the same. m e h d s :  as befoxee;; tlie ray-tracing. 
data weremed! to;estiinate the:pmaess;pammetrs of the  extended: 
clustering model' of (I) .  Tb~dhive~tfie chstrariwal'  rate parameter, 
A, the first arrival in each clusrea was t a b :  as, the: clhter. amival. 
time, and the relative delays were measured'with KespecG totlie an- 
rival time of the previous cluster. This leaves our the first cluster 
for each data set, which is assumed in the clustering model to be 
equivalent to the bulk delay of the line-of-sight path. A histogram 
of the resulting relative cluster times was fit to an exponential PDF 
using least squares (as was done for all other curve fits presented 
here). The estimated parameter was l / A  = 18.94 ns. Similarly, 
X was estimated by measuring the time of arrival for each arrival 
within a cluster with respect to the previous arrival, and curve fit- 
ting an exponential PDF to a histogram of the aggregated results 
for 50 total transmit-receive location pairs. In this case the esti- 
mated parameter was 1/X = 5.97 ns. Figures 4 and 5 illustrate the 
curve fitting used to estimate X and A, respectively. The second of 
these two plots actually shows the complimentary CDF rather than 
the PDF (although the curve fitting was to the PDF) because it is 
less noisy and better illustrates the quality of fit. 

Finally, the parameter U representing the standard deviation of 
the angle of arrival with respect to the mean angle for each cluster 
was estimated similarly, using a histogram of all the aggregated 
clusters. This is illustrated in Figure 6 .  As in the previous em- 
pirical data, the fit to a Laplacian distribution was very good. The 
resulting standard deviation was 23.4'. A comparison of the statis- 
tical parameters estimated from the ray-tracing data with the orig- 
inal parameter estimates from empirical channel measurements in 
[ I ]  is shown in Table 1. The comparison indicates surprisingly 
close agreement between the results. 

With knowledge of both transmit and receive angles as well as 
the individual path gains, a MIMO channel transfer matrix can be 
synthesized from the ray-tracing data. For the narrowband case, 
where we assume that the impulse response associated with each 
path is a simple complex scalar, the expression for the channel 

I A  = 5.97 ns 

delay(ns) 

Fig. 4. Distribution of Time Intervals Between Ray Arrivals. 

delay(ns) 

Fig. 5. Complementary Cumulative Distribution of Time Intervals 
Between Cluster Arrivals. 
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Fig. 6. Distribution of Relative Angles of Arrival for Simulated 
Channel with Best Fit Laplacian Distribution. 
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matrix takes the following form: 

L 

H = CC&(eT,) PI a R ( 0 R l )  (3) 
1 =o 

where ,& is the individual complex path gain, and 6 ' ~ ~  are the 
transmit and receive angles relative to some reference, and a ~ ( 0 )  
and ~ r ~ ( 6 ' )  are the respective steering vectors of the transmit and 
receive arrays for an arbitrary angle B. To study the effects of ar- 
ray configuration and signal to noise ratio (SNR) on capacity, we 
synthesized the channel for uniformly spaced linear transmit and 
receive arrays with element spacing of X/2 and uniformly random 
phase for each ray in the channel. Both the transmit and receive 
arrays were assumed to have the same number of elements. It 
was observed that, on average, the channel capacity was relatively 
insensitive to the orientation of the arrays, so we reduced the influ- 
ence of orientation as a parameter by randomizing the array angle 
uniformly over I O  trials at each location. We also normalized each 
of the synthesized channel matrices to have unit Frobenius norm. 

The capacity of the channel was then calculated over a range 
of S N R  values using the water filling solution outlined, for exam- 
ple, in [6]. For each value of SNR and array size, we selected 
the value of capacity that was achieved or exceeded by 90% of 
the 500 simulated channel realizations. This represents the capac- 
ity that was achieved by the channel with a 10% probability of 
outage over all 50 transmio'receive locations with random array 
orientations. Figure 7 shows this outage capacity as a function of 
array size and system S N R .  The capacity of this simulated indoor 
channel is insensitive to increases in the number of elements in a 
linear array except when operating at high SNR. This is mainly 
due to the fact that, in most of the data sets, a single dominant 
cluster of arrivals was present. The spatial diversity of the transmit 
and receive arrays will yield capacity improvements only when the 
SNR is high enough for clusters arriving from other directions to 
contribute power above the noise floor. At low SNR, the capac- 
ity of the channel does not increase linearly with the size of the 
arrays. As S N R  increases, the capacity gain from increasing the 
array sizes is closer to linear. 

U 

l / A  
1/X 

5. CONCLUSIONS 

Ray-Tracing Empirical 
23.4' 25.5' 

18.9411s 16.8ns 
5.97ns 5.17 ns 

Our results indicate that ray-tracing simulation of indoor space- 
time propagation accurately reflects the general structure and 
statistics of data collected empirically. Consequently, ray-tracing 
can be considered reasonably reliable for generating data to char- 
acterize the temporal and spatial characteristics of indoor multi- 
path channels, without the need for costly field measurements. Us- 
ing the WiSE ray-tracing tool to simulate the propagation charac- 
teristics of a particular indoor environment on the BYU campus, 
we calculated the channel capacity that would result for a variety 
of array sizes, orientations, and SNRs. We found that, due to the 
temporal and spatial clustering of the multipath arrivals, increasing 

35 I SNR = 30 dB A 
SNR = 10 dB 

0' 
I I 

5 10 15 20 25 
Linear Arrav Sire 

Fig. 7. Channel Capacity for 10% Outage as a function of Array 
Size and SNR. 

array size does not necessarily result in a linear increase in channel 
capacity. 
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