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Abstract – This work investigates the performance of
linear detector based receivers in MIMO OFDM systems.
Two linear detectors are compared that is: Zero Forcing
(ZF) and the Minimum Mean Square Error (MMSE). The
introduction of interference cancellation will be shown to
greatly improve linear detector Bit Error Rates (BER).
The performance of one successive interference detector,
called the V-Blast, is further evaluated in ill-conditioned
channel conditions. This work investigates performance of
MIMO OFDM detectors in a spatially correlated channel
so as to enhance Quality of Service (QoS). The
Weichselberger channel model with ill-conditioned
characteristics will be used in the performance evaluation
of the MIMO OFDM detectors. Tikhonov regularization is
used to improve the performance of successive interference
based detectors.
Index Terms- Bit Error Rate (BER), Ill-conditioned
channels, linear detectors, Minimum Mean Square Error
(MMSE), Multiple Input Multiple Output (MIMO),
Orthogonal Frequency Division Multiplexing (OFDM),
spatially correlated channels, Zero Forcing (ZF).
I. INTRODUCTION
One of the key requirements of next generation networks is
to provide wireless communications at high data rates and
with good quality of service using spectral efficient methods.
Multiple Input Multiple Outputs (MIMO) transmitter-receiver
systems can meet these demands by offering increased
spectral efficiency through spatial multiplexing gain as well as
improved link reliability due to antenna diversity gain [1].
Spatial multiplexed MIMO techniques can increase the data
rate whilst space time coded MIMO techniques can be used to
improve the system diversity gain. Frequency selective radio
channels introduce Inter-Symbol Interference (ISI) in MIMO
systems thus reducing the system performance. Complex
equalization would be required to remove the ISI effects
however, Orthogonal Frequency Division Multiplexing
(OFDM), which turns frequency selective channels into
parallel flat fading channels, copes even better with the ISI
effects. In the OFDM, the channel is split into orthogonal subchannels so that interference or single fading will not cause
the whole link to fail as compared to a single channel(single

input single output) system. OFDM has been adopted, for
example, in European Digital Audio Broadcasting (DAB)
Digital Video Broadcasting (DVB-T), HYPERLAN in Europe
and IEEE 802.11n in USA [2]. The combination of MIMO
and OFDM provides a mobile network with high data rates
that are resistant to frequency selective channel fading,
channel, which is necessary for high quality multimedia
services.
We investigate the performance of two linear detectors,
namely the ZF and MMSE, in MIMO OFDM systems. The VBlast detector is a Successive Interference Cancellation (SIC)
detector based on the linear symbol estimator. Realistic
channel matrix matrices will exhibit correlation and illconditioning characteristics. We will demonstrate the effects
of ill-conditioning on linear detector performance. Illconditioning can be brought about by fading correlation and
Rice component, which makes decoding difficult [3].
This paper is organized as followed: The second section
gives an overview of the system model. In the third section we
discuss the two linear detectors and their performance in
proper conditioned channels. V-Blast in a spatially
multiplexed channel is also investigated. In the last section a
short description of ill-conditioning is given, followed by its
effects on system performance. A modified linear detector is
proposed to reduce effect of ill-conditioning on the system.
The proposed detector performance is finally investigated in a
realistic channel having ill-conditioned characteristics.
II.

SYSTEM MODEL

The MIMO-OFDM system model consists of
N tx transmitters and N rx receivers as shown in Fig. 1. At the
transmitter, input bits are divided into M T parallel streams
which are mapped using Phase-Shift Keying (PSK) or
Quadrature Amplitude Modulation (QAM), into N complex
valued vector of symbols, xn , m , ne [0, N - 1] .These symbols
form a block which is loaded into N orthogonal subcarriers.
The transmitter and receiver are assumed to be time and
frequency synchronized. The OFDM signal is obtained by

using the Inverse Discrete Fourier Transform (IDFT) and is
detected at the receiver using the Discrete Fourier transform
(DFT). OFDM symbols suffer from inter symbol interference
(ISI) during transmission. Interval Guards called Cyclic
Prefixes (CP) are introduced into transmit signal to remove ISI
between adjacent blocks. The CP is added to the guard interval
to reduce complexity of the receiver. CP converts the linear
convolution of the signal and the channel into a circular
convolution [4]. The CP is the last part of a block that is added
to the signal and it is of length Ncp . The channel is considered
to be slow fading and its conditions remain constant during the
transmission of each block. Length of the CP should be larger
than channel impulse response (CIR) of tap length L . We
adopt the bandlimited filter model with restricted energy
response enclosure within the first L taps with tap gains
described by vectors
H (i ) = hi (i ).......h( L -1) (i )

(1)

where i = 0,1,....( L - 1) denotes the serial index of block. The
k th path response of the wide sense stationary uncorrelated
scattering is modeled as [5]
k -1

g (t , i ) =

å a s (t - t
k

(2)

k)

The received signal cyclic prefix is removed and it is
transformed by DFT before the decoding of transmitted
blocks. Detection is done block by block. According to [15]
the spatial multiplexing for MIMO OFDM can be represented
simpler in matrices as,
y(k ) =

Es
H ( k ) s ( k ) + n( k )
MT

(4)

where k = 0,1,2..., N - 1 , s (k ) is the signal vector with M T
data symbols launched over the

k th tone. NM T scalar

symbols are transmitted over each OFDM symbol. y (k ) is a
vector of size N R and H (k ) is a ( N R ´ M T ) matrix.
III.

DETECTOR

~
The Zero Forcing detector symbol BER estimate, X is
given by the transformation of received signal Y as,
~
X = H +Y

(5)

+

where H is the Moore–Penrose pseudo-inverse [6] of matrix
H . The pseudo inverse exists even when H is rank deficient.
For the MMSE receiver, the transmitted symbol is estimated
by

k =0

where

t k is

the

path

delay,

the

path

gains

a k (i ) = a 0 (i ).....a k -1 (i ) have zero mean Gaussian variables.
At the receiver the CP is removed and the signal is passed
through the DFT .The received signal from the i th block is
Y (i ) = Y0 (i )......Y( N -1) (i ) = XH (i ) + W (i )

(3)

where ne [0, N - 1], H (i ) is the channel frequency response
(CFR) vector and W (i ) = (W 0 (i )......W ( N -1) (i ))

~
X = H H ( H H H + s 2 I ) -1 Y

(6)

where s 2 is not equal to zero but when it approaches zero the
MMSE performance asymptotically approaches ZF detector.
I is an identity matrix. Constant number of bits is transmitted
through each of the two detectors and their respective BER
values are plotted at the end of each simulation. In a MIMO
channel without ill-conditioning, the performance of the ZF
and the MMSE detectors is similar, this is shown in Fig. 2.

is DFT

transformed noise.

Figure 1: System Diagram

Figure 2: Linear detectors in a well conditioned channel

At a low Signal to Noise Ratio (SNR<5dB) the two
receivers performance is almost the same with MMSE
offering the lowest BER. The MMSE detector considers the
noise variance when inverting the channel matrix thus it has a
better estimate to that of the ZF, which amplifies the channel
noise. Both detectors are tested in the situation with four
transmitters, four receivers and with QPSK modulation.
V-Blast uses the SIC method which is based on linear
symbol estimators. The performance of V-Blast can further be
improved by the introduction of ordering of the symbols
before detection [9]. The substream with the strongest signal
to noise ratio is demodulated first and then subtracted from the
output. After that the next substream with the second highest
SNR is decoded and subtracted. This is continued until all
streams are decoded [7].

g =
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where l represents eigenvalues of the channel matrix. A
small conditioning number close to one shows the matrix is
well conditioned and a large value shows ill-conditioning. Illconditioning can be induced in matrix by using Singular Value
Decomposition (SVD) in the following manner: First find the
eigenvalues of the channel matrix in MIMO system by using
SVD. Then the minimum eigenvalue is scaled down to
approach zero. A new channel matrix is calculated using the
new diagonal eigenvalues matrix and it will be more illconditioned than the original matrix.
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Figure 4: Interference cancellation based detectors
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Figure 3: Linear detectors with interference cancellation
As shown above in Fig. 3 the performance of linear
detectors is greatly improved by the introduction of
interference cancellation. ZF with Ordered Successive
Interference Cancellation (OSIC) performs better than the
MMSE detector. MMSE –OSIC has the best performance of
the three compared detectors since the MMSE produces a
better estimate than ZF detector. This also shows that the
performance of successive interference cancellation method is
partially determined by the underlying linear processing
method.
IV. CHANNEL CONDITIONING
In spatial multiplexing the performance of the system
depends on the separation of the signal spatial signatures. Illconditioning generally introduces linear dependencies between
channel matrix columns. Ill-conditioning in a matrix is
measured by the ratio of the largest eigenvalue over the
smallest [14]:

In the presence of ill-conditioning, V-Blast (SIC) with
MMSE offers a better performance compared to Parallel
Interference Cancellation (PIC) and Hybrid Interference
Cancellation (HIC) detectors, however for both PIC and HIC
detectors, the performance is significantly weakened as shown
in Fig. 4. In PIC detectors, all the symbols are decoded
simultaneously and subtracted from the symbol of interest,
whereas HIC detectors combine PIC and SIC methods. In our
system model, after ordering the symbols, PIC is used to
decode the first two symbols with the highest SNR and SIC is
used for the last two symbols.
Measurements of the channel conditions at outdoor
scenarios agree with the Kronecker model assumptions but
indoor data seems to deviate more [8]. Kai et. al [10] have
shown that the Kronecker model can correctly predict the
channel capacity for system with less than three transmit and
receive antennas. As a consequence, a more general model
was developed by Weichselberger et al [11]. This model is
less restrictive than the Kronecker model on the correlation
between the transmitter and receiver antenna. It models the
correlation between the transmitter and receiver jointly by
allowing coupling between their eigenbases. Therefore, in this

paper, for four by four MIMO OFDM systems, we consider
Weichselberger spatial correlated channel. The model is
defined as [9, 11]
(
~
T
H weichsel = U Rx (W weichsel QG )UTx

(8)

where U Rx , U Tx are eigenvector matrices given by eigenvector
decomposition of the correlation matrix the receive (transmit)
elements respectively and Q is the element-wise product,
W weichsel element-wise square root of the power coupling
W weichsel . The elements

matrix

W weichsel , w weichsel

are

calculated as average power coupling between the i th transmit
and j th receive eigenmode.
W=

Performance of MMSE detector can be improved by biasing
the detector according to the noise variance estimate. This can
be done through regularization methods which improve the
conditioning by modifying the covariance matrix [16]. In radar
systems and image processing, ill-conditioning may be present
due to introduction of noise. Tikhonov regularization has been
used to solve the problem. In this work we consider Tikhonov
regularization as a way to improve our covariance matrix
estimate because it is the most familiar method [12]. Suppose
we want to solve the following equation and A is illconditioned;
Ax = b

(10)

where Tikhonov regularization, as a method to solve the

H
*
E{(U Rx
HUTx
)Q(U TRx H *UTx )}

(9)

The Weichselberger equation captures the channel
correlation of the environment in conjunction with the
statistics of the transmitted signal. The Weichselberger model
analysis has higher complexity than the Kronecker,
consequently this has reduced its acceptance for MIMO
system modeling.
Fig. 5 shows the conditioning number change for a
Weichselberger channel model. The Weichselberger channel
model is an ill-conditioned channel whose correlation matrix
conditioning number is much higher than that in the Rayleigh
fading channel model. The sum of the differences in
conditioning number is 1.2546e+003 after 50 iterartions.
Conditioning number change in Weichselberger
150
weichselberger
Rayleigh

above equation, amounts to optimizing the following problem
with respect to x .
min Ax - b

2
2

+a x

2
2

(11)

where a is the regularization parameter. In Tikhonov
regularization, an approximate solution of equations (11) from
(12) is given by [13],
xa = ( A T A + aI ) -1 A T b

(12)

where regularization parameter a > 0 , A T is the adjoint
operator of A and I is an identity matrix. The regularization
parameter a , associated with solution of xa is determined by
the Morozov’s discrepancy principle [13].
Fig. 6 shows the performance modifed OSIC (modifed with
Tikhonov regularization)
Detectors in Weichselberger channel model
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Figure 5: Comparison of Weichselberger and Rayleigh
channel model conditioning numbers
The Weichselberger channel model above has been shown
to have high conditioning numbers thus it is appropriate for
modeling ill-conditioned channels.
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At a low SNR (-10dB), modified Hybrid detector performs
better then the modified SIC detector. The modified SIC

detector starts to outperform the modified Hybrid at SNR of 4dB. The same characteristic is displayed by PIC detector
when compared with the SIC detector in a well conditioned
channel. SIC detector performance is dependent on the post
detection SNR ordering of the transmitted signals but at very
low SNR. Detection of symbols even with the highest SNR is
not reliable therefore successive interference cancellation is
not effective at low SNR. On the other hand, PIC detector
performance is not dependent on ordering of symbols
therefore it performs better than OSIC at low SNR. OSIC
performance improves as the SNR increases because of better
post detection ordering thus modified SIC MMSE has a low
BER compared to modified Hybrid MMSE, at high SNR.
V. CONCLUSION
The performance of linear detectors in a properly
conditioned channel is good but the performance will
deteriorate in the presence of ill-conditioning. V-Blast with
MMSE exhibits a better performance in the MIMO system.
The V-Blast detection algorithm has got successive
interference cancelation and ordered detection. In this paper
we have shown that the Weichselberger channel model has illconditioned characteristics and that Tikhonov regularization
improves SIC detector performance.
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