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ABSTRACT* 
 

This paper presents a geometrically based channel model 
that provides robust channel simulations for wide-band 
waveforms such as multiple-input multiple-output (MIMO), 
multi-user detection (MUD) and orthogonal frequency divi-
sion multiplexing (OFDM) communication waveforms.  
The model supports multiple transmit and receive antennas, 
multiple multipath reflectors, and mobility for Rayleigh 
fading environments with frequency-selective fading as 
well as time-selective fading.  For static testing, the model 
supports the pseudo-stationary channel, which is helpful for 
initial testing of communication waveforms.  This channel 
model is ideal for testing of MIMO communications sys-
tems, which require a rich scattering environment.  This 
paper presents results of V-BLAST (Vertical Bell Labora-
tories Layered Space-Time) MIMO simulations using the 
geometric channel model with pseudo-stationary and 
Rayleigh fading environments.  MIMO architectures such 
as V-BLAST can be easily implemented by exploiting the 
built-in and flexible multi-channel architectures of ad-
vanced Software Defined Radios (SDR). 
 
 

1. INTRODUCTION 
 
Recent research has shown that a rich scattering environ-
ment is capable of significant communication capacity due 
to the multipath diversity inherent in the rich scattering 
environment.  MIMO techniques, such as V-BLAST, have 
demonstrated spectral efficiencies of 20-40 bps/Hz in an 
indoor environment [1].  Consequently, a lot of interest has 
developed in MIMO systems.  Simulation testing for 
MIMO or other smart antenna applications requires a chan-

nel model that is extensively more complicated than those 
used for single-input single-output (SISO) systems.  Early 
channel models were narrow-band and provided only in-
formation about the statistics of the received signal ampli-
tude and Doppler shifts of the spectrum [2].  Modern com-
munication techniques such as MIMO, MUD, smart anten-
nas and others require wideband models of the channels 
with multiple transmit and receiving antennas and many 
multipath reflectors to adequately model the effects of the 
actual communication channel.  Several improved channel 
models have been devised.  These include the Geometri-
cally Based Single Bounce Elliptical Model  (GBSBEM) 
[3] and the Geometrically Based Single Bounce Macrocell 
(GBSBM) model [4] that provides statistical estimates of 
the angle of arrival (AOA), Doppler spectrum and fading 
envelopes.  The model that we choose to implement most 
closely follows that of Liberti’s GBSBEM [3]. The model 
also is similar to ray tracing models developed by Fette [5] 
and Valenzuela [6].  Our model is referred to as the Geo-
metric Wide-band Time-varying Channel Model 
(GWTCM).  The GWTCM uses an elliptical boundary to 
limit multipath spread, implements wideband channel mod-
eling by partitioning the spectrum into multiple flat chan-
nels, provides for mobility of objects and can calculate the 
AOA and fading envelopes from the received signal.  The 
GWTCM uses a single bounce model for the multipath 
components but can be extended to more reflections to re-
duce the standard deviation of the prediction error [7]. The 
geometrical nature of the GWTCM model also allows ex-
perimentation with MIMO phenomena such as keyholes 
and correlated multipath [8]. 
 

This paper is organized as follows.  Section 2 pro-
vides a description of the GWTCM channel model with 
examples of the rich channel environment that can be mod-
eled.  Section 3 provides a discussion of the theory of 
MIMO-OFDM using V-BLAST.  Section 4 provides simu-
lation results for V-BLAST-OFDM when using a Rayleigh 
fading environment.  Conclusions are provided in section 5. 
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Figure 2. SISO Geometry 
 
 Figure 1. 3x2 MIMO Geometry 
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2. THE GWTCM CHANNEL MODEL 

 
 Figure 1 shows an example of the GWTCM geometry that 

we used for a 3x2 MIMO communications system consist-
ing of M=3 isotropic receive antennas and N=2 isotropic 
transmit antennas. K=10 multipath reflectors are placed 
inside of an ellipse that represents the loci of multipath re-
flectors with a multipath delay of τm = 25 µsec.  The ellipti-
cal channel model ignores multipath delays larger than τm 
since very long delays have higher path loss and thus do 
not contribute substantially to the received power [2].  
Given a specific time varying geometry, our goal is to cal-
culate the wideband frequency-domain transfer function, H, 
between the M receive antennas and the N transmit anten-
nas as a function of time and frequency.  The following 
assumptions are made: 

where Pmn and Pref  are in dBm, p is the exponential path 
loss factor, dmn, is the geometric distance in meters from 
transmitter n to receiver m, dref is the reference distance at 
which Pref is measured, Gr(0) is the gain of the receive an-
tenna in the direction of the transmitter and Gt(0) is the gain 
of the transmit antenna in the direction of the receiver.  The 
gains, Gr(0) and Gt(0), are 0 dB since we are using isotropic 
antennas. Ld is a parameter that has been added to provide 
indirect control of the direct path losses for flexible MIMO 
testing. Pref is the reference power that is measured at a 
distance dref = 1 meter where Pref for an isotropic antenna is 

                   







−=

C
d

PP ref
Tref

π4
log20                     (2)  

1. OFDM divides the bandwidth, W, into flat narrowband 
subcarriers, with subcarrier bandwidth, fs. where PT is the transmitted power in dBm and C is the 

speed of light. The receive signal due to the direct path is 2. The OFDM waveform uses a cyclic or null extension 
that equals or exceeds the multipath delay spread, τs, so 
that intersymbol interference (ISI) does not occur.   mn

mndj

mnmn eAr λ
π2−

=                              (3) 3. The sampling period, Ts, is the OFDM symbol time. 
4. The velocities of components are constant over Ts. where Amn represents the linear magnitude of a signal with 

power Pmn. and λmn is the direct path wavelength observed at 
receive antenna m for the signal transmitted on antenna n.  

5. The Doppler components, due to velocity, are suffi-
ciently small, such that they do not destroy the or-
thogonality of the OFDM subcarriers.  

The received power for the kth multipath compo-
nent on receive antenna m from transmit antenna n is 

6. All antennas and multipath reflectors have an isotropic 
radiation pattern. 

7. All antennas have an identical polarization. 
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The task of calculating H is simplified by breaking 
down the MIMO model into multiple simplified SISO mod-
els as depicted in Figure 2.   MxN line of sight (LOS) and 
MxNxK multipath components exist. 

where Pmkn is in dBm, dmkn is the geometric distance from m 
to k to n.  Lr represent the loss in dB due to reflection from 
the multipath reflector k, Gr(θk) is the receiver antenna gain 
as a function of the direction of arrival, and Gt(φk) is the 

 
The LOS power received at antenna m from transmit 

antenna n is [2]: 
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Figure 4. MIMO-OFDM Time-Frequency Plane 
 

Figure 3. 3x2 MIMO Receive Power for PT=0 dBm then the received wavelength, λmnk, is 

                                   
m

mnk f
C
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ture. The gain factors, Gr(θk) and Gt(φk), are 0 dB since we 
are dealing with isotropic antennas. 

  
The wavelength of the direct path, λmn, is found in a similar 
manner. 

The received signal from multipath component k is 

             mkn

mkndj

mknmkn eBr λ
π2−

=                           (5) 
 

Figure 3 shows the receive power surface for the 
area near the three isotropic receive antennas for the case 
where the transmit power, PT, is 0 dBm. The receive an-
tenna array used a spacing of λ/2 at an operating frequency 
of 2.4 GHz and the transmit array used a spacing of 10 me-
ters.  Reference locations for the three receive antennas are 
shown by the large peaks.  The power received at each an-
tenna is determined by where the antenna pokes through the 
undulating surface.  Note that very small displacements of 
the antennas may place them in deep nulls. 

where Bmkn represents the linear magnitude of a signal with 
power Pmkn and where λmkn is the wavelength at receive an-
tenna m due the multipath signal, k, from transmit antenna, 
n. 
 
The transfer function, H(m,n,t,fs), where t is the OFDM 
frame number and fs is the subcarrier frequency, is thus the 
component due to the direct path as shown in (3) and the 
summation of K multipath components as shown in (5)  

The plot in Figure 4 shows the antenna 1 receive 
power as a function of frequency and OFDM frame number 
for the case where the transmit power, PT, for transmit an-
tenna, n = 2, is 0 dBm, and the transmit array moved in the 
NE direction with a velocity, v = 200Kph. The geometry of 
the experiment is shown in Figure 1. An OFDM size of 32 
with a center frequency of 2.4 GHz was used.  The OFDM 
subcarrier bandwidth was 10 KHz and the OFDM symbol 
time was 240 usec.  Note the deep time and frequency se-
lective fades at OFDM frame number 8 in Figure 4. 
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For the case of mobile receive antenna m and static transmit 
antenna n and multipath reflector k, as shown in Figure 2, 
the doppler shift, υmkn, can be found by [2] 

                      )cos( vi
s

mkn φφ
λ
νυ −=                       (7) 

where v is the velocity of receive antenna m, λs is the wave-
length of subcarrier frequency, fs, φi is the AOA at receive 
antenna n, and φv is the relative angle of travel for receive 
antenna n. The receive frequency, fm, at antenna m, is thus 

                                                            (8) mnksm ff υ+=
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Figure 5. 3x2 V-BLAST Architecture 

 
3. MIMO-OFDM V-BLAST 

 
The GWTCM channel model was created to help test and 
evaluate MIMO communication systems.  The MIMO tech-
nique that we have concentrated on is the V-BLAST algo-
rithm [1].  V-BLAST was developed a few years ago and 
demonstrated previously unachieved spectral efficiencies of 
20-40 bps/Hz in a lab environment.  MIMO techniques rely 
on a rich scattering environment to provide multipath diver-
sity such as that found in many wireless environments.  The 
phenomenal channel capacities of MIMO grow linearly 
with the number of antenna and nearly approach the 
theoretical Shannon capacity limit.  We implemented an 
OFDM version of V-BLAST by independently processing 
each OFDM subcarrier using a conventional V-BLAST 
architecture.  A block diagram of a conventional 3x2 V-
BLAST system is shown in Figure 5.  Given a specific 
OFDM frame number, t, and a specific OFDM subcarrier 
frequency, fs, the V-BLAST process is defined as follows: 
The input data is separated into two data streams and 
independently encoded to form symbols a1 and a2.  Let the 
baseband transmitted symbols be represented by a 
=[a1,a2]T.  The encoding may consist, for example, of gray 
coded QPSK.  The symbol set a is then upconverted and 
transmitted using transmit antennas T1 and T2.  The 
baseband receive signal assuming zero frequency offset is 

 
                                                          (10) ν+= aHr sub1

)

 
where r1 represents the Mx1 receive vector for the receive 
antenna array, Hsub is the MxN channel matrix consisting of 
complex scalars, and v is a complex additive white Gaus-
sian noise (AWGN) vector.  Recall that the wideband time 

varying model developed in Section 2 is a function of the 
mth receive antenna, the nth transmit antenna, the tth OFDM 
frame number and subcarrier frequency fs. Hsub represents 
the flat fading channel coefficients for the given OFDM 
frame number, t, and OFDM subcarrier frequency, fs as 
 

                                     (11) ( ssub ftnmHnmH ,,,),( =
 

Assume that the noise, v, is zero, for the purposes of 
understanding the receive process.  For our 3x2 V-BLAST 
example in Figure 5, the goal of the receiver is to accurately 
estimate the transmitted symbols a1 and a2.  This may 
seem difficult since the energy in a1 and a2 are the same 
for QPSK modulation.  The V-BLAST receiver uses two 
powerful signal processing algorithms.  The first, is called 
zero-forcing nulling and is used by the receive array to re-
ject the signal not of interest. The second algorithm, is suc-
cessive interference cancellation (SIC), that is used to sepa-
rate the signals a1 and a2 once either a1 or a2 is estimated.  
The V-BLAST receive algorithm for the 3x2 MIMO system 
shown in Figure 1 is summarized below: 
 
1. Find the strongest transmitted signal, either the signal 

transmitted from T1 or T2. Assume for the purposes of 
this discussion that T1 has the dominant signal strength. 
Also assume that we have perfect knowledge of H. 

2. Apply an antenna array nulling signal, w1, to null out 
the T2 signal.  

3. Demodulate the received energy and output data esti-
mate, d1. 

4. Re-modulate the data estimate, d1, and obtain transmit-
ter T1 symbol estimate . 1â

5. Now that we have an estimate of a1 and knowledge of 
the channel, H, we can use SIC to subtract out the sig-
nal T1 from each of the receive antennas. Compute the 
receive vector for the signal transmitted on T2: 

                                   r                            (12) 1112 ˆ Har −=
where H1 = [h11 h21 h31]T . 

6. Apply spatial receive filter, w2, to signal r2.   
7. Demodulate the signal and output data estimate, d2. 
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Figure 6. Mx2 V-BLAST Performance Figure 7. Mx3 V-BLAST Performance 

  
4. SIMULATION RESULTS The next experiment shows the MxM performance 

of V-BLAST systems.  Figure 8 shows the results of this 
experiment.  Note that the performance of the MxM system 
improves as M gets smaller.  Also note that the BER per-
formance for large values of M seems to asymptotically 
approach a boundary. 

 
An experiment was performed to verify the performance of 
the V-BLAST algorithm.  The experiment consisted of a 
single carrier at 2.4 GHz modulated with gray coded QPSK 
and the channel model was configured to implement Ray-
leigh fading.  We choose to use a traditional stochastic 
Rayleigh channel model to test the V-BLAST algorithm so 
that the results could be compared with published curves.  
Results for the GWTCM model are highly dependent on the 
geometry and other model parameters.  Future research 
paper will present results from the GWTCM model.  For 
these experiments, the Rayleigh channel matrix, H, is of the 
form (for 3x2): 

 
5. CONCLUSION# 

 
This paper has presented the design of a geometrically 
based time-varying channel model that provides robust 
channel simulations for wideband waveforms such as 
MIMO and MUD.  The channel model supports multiple 
transmit and receive antenna and multiple multipath reflec-
tors.  The model supports mobility for Rayleigh fading 
envi-ronments as well as time and frequency selective fad-
ing.  MIMO architectures such as V-BLAST can be easily 
implemented by exploiting the built-in and flexible multi-
channel architectures of advanced SDR’s. 

                                                (13) 
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where each flat Rayleigh fading coefficient is formed by 
summing a real and an imaginary Gaussian random variable 
that have independent and identically distributed (i.i.d.) 
statistics.  Results for the Mx2 case are shown in Figure 6.  
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The next experiment consisted of measuring the 

performance of Mx3 V-BLAST systems.  Figure 7 shows 
the results of this test. Note that when comparing the Mx2 
results in Figure 6 and the Mx3 results in Figure 7, that the 
Mx3 systems have degraded performance.  This is due to 
the ability of the receiver to provide improved nulling and 
canceling for the Mx2 case compared to the Mx3 case.  The 
Mx3 case is similar to having two undesired users occupy-
ing the same signal bandwidth as the desired signal.  For 
the Mx2 case, there is only one interfering signal as op-
posed to two in the Mx3 case. Figure 8. MxM V-BLAST Performance 
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