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Improving QoS with MIMO-OFDM in 
Future Broadband Wireless Networks

Bulega Tonny Eddie, Gang Wei, Fang-Jiong Chen 

Designing very high speed wireless links that offer good quality-of-service (QoS) and 
range- capability in non-line-of-sight (NLOS) environments constitutes a significant 
research  and  engineering  challenge.  In  this  article,  we  provide  an  analytical 
overview  and  performance  analysis,  on  the  key  issues  of  an  emerging  technology 
known as Multiple-Input Multiple-Output (MIMO) - Orthogonal Frequency Division 
Multiplexing (OFDM) wireless that offer significant promise in achieving high data 
rates over wireless links. MIMO technology holds the potential to drastically improve 
the spectral efficiency and link reliability in future wireless networks while the OFDM 
transmission scheme turns the frequency-selective channel into a set of parallel flat 
fading channels, which is an attractive way of coping with Inter-Symbol-Interference 
(ISI). The combination of MIMO and OFDM has been designed to improve the data 
rate  and  the  QoS  of  the  wireless  system  by  exploiting  the  multiplexing  gain  and/
or  the diversity gain which  is a major problem in communication.  In  this article, 
key areas in OFDM-MIMO like Space-time block-coding (STBC), channel modeling 
and channel estimation are presented. Inter-channel-interference (ICI) which causes 
channel degradation  is  analyzed and we  conclude by highlighting areas  of  further 
research.

Introduction
Demands for future wireless communication networks are to provide high 
data rates, better QoS while supporting an open architecture for a multiplicity 
of international standard wireless network technologies ranging from second-
/ third-/fourth-generation (2G/3G/4G) cellular radio systems such as: Global 
System for Mobile (GSM), General Packet Radio Service (GPRS), Universal 
Mobile Telecommunications System (UMTS) to Wireless Local Area Networks 
(WLANs), Broadband Radio Access Networks (BRANs), Digital-Video Broadcast 
(DVB) and Digital-Audio Broadcast (DAB) networks [1, 2, 10]. While the available 
radio spectrum is a  scarce resource, rising consumer demand for high bandwidth 
applications with diverse QoS guarantees over wireless networks has created 
an unprecedented technological-challenge to develop efficient coding and modulation 
schemes along with sophisticated signal and information processing algorithms to improve 
the quality and spectral efficiency of wireless communication links [3]. At the physical layer, 
QoS is synonymous with an acceptable signal-to-noise ratio (SNR) level or bit error rate 
(BER) at the receiver, while at the MAC or higher layers, QoS is usually expressed in terms of 
minimum rate or maximum delay guarantees. The fulfillment of QoS requirements depends 
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on procedures that span several layers. At the MAC layer, QoS guarantees can be provided by 
appropriate scheduling [4] and channel allocation methods [5]. At the physical layer, adaptation 
of transmission power, modulation level or symbol rate helps in maintaining acceptable link 
quality [6], [7]. Moreover, smart antennas constitute perhaps the most promising means of 
increasing system capacity through OFDM [8].

In recent years, the use of multiple-input multiple-output (MIMO) wireless technologies 
that offer significant promise in achieving high data rates over wireless links have captured a 
lot of interest. With a MIMO system, the capacity can be improved by a factor equal to the 
minimum number of transmit and receive antennas if perfect channel state information (CSI) 
is available at the receiver, compared with a single-input single-output (SISO) system with 
flat Rayleigh fading channels [9,10]. Another promising candidate for next-generation fixed 
and mobile wireless systems is the combination of MIMO technology with OFDM. OFDM 
transmission scheme turns the frequency-selective channel into a set of parallel flat fading 
channels and is, hence, an attractive way of coping with inter symbol interference (ISI) while 
providing increased spectral efficiency and improved performance. Since data is multiplexed 
on many narrow band subcarriers, OFDM is very robust with typical multi-path fading (i.e., 
frequency-selective) channels. Furthermore, the sub-carriers can easily be generated at the 
transmitter and recorded at the receiver using highly efficient digital signal processing schemes 
based on Fast Fourier Transform (FFT). The combination of MIMO and OFDM has been 
designed to improve the data rate and hence QoS by exploiting the multiplexing gain and the 
diversity gain. 

Given these interesting benefits, several wireless networking (e.g., IEEE 802.11 and 802.16) 
and wireless broadcasting systems (e.g., digital video transmission-terrestrial (DVT-T), DAB) 
have already been developed using OFDM technology and are now available in mature 
commercial products. 

The goal of this article is to provide an analytical review of the basics of MIMO-OFDM 
wireless systems with a focus on signal processing techniques for MIMO-OFDM. Channel 
modeling, channel estimation and the channel interference is analyzed. A system model is 
presented followed by a summary of performance results for a Rayleigh fading channel. 
Finally, we provide a list of relevant open areas for further research.

MIMO with OFDM Modulation
In wireless communications, multi-path propagation induces fading. This 
degrades the performance and capacity of the wireless link leading to poor QoS. 
A system that has demonstrated the ability to reliably provide high throughput 
in rich multipath environments is MIMO. By sending signals that carry the same 
information through these different paths, multiple independently faded replicas of 
the data symbol can be obtained at the receive end thereby providing the receiver 
with diversity [11]. A MIMO arrangement is shown in figure 1. 

There are three kinds of MIMO techniques. The first aims to improve power 
efficiency by maximizing spatial diversity using such techniques as delay diversity, 
space-time block codes (STBC), and space-time trellis codes (STTC). The second 
uses a layered approach to increase capacity (e.g., V-BLAST architecture), while 
the third exploits knowledge of the channel at the transmitter. MIMO systems 
have proven to be very effective at combating time varying multipath fading 
in broadband wireless channels. In these systems, replicas of the transmitted 
signal, with uncorrelated variations in time, frequency, or spatial domain, or 
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a combination of all three arrive at the receiver. The replicas are combined in 
such a way as to minimize the transmission degradation that could be caused by 
fading of each of the individual channels. Effectiveness or “diversity gain” of an 
implementation is dependent on the scenario for the propagation channels (e.g., 
rural or urban), transmission data rate, Doppler spread, and channel delay spread.  
When multiple antennas are used instead of single antenna systems, the following 
benefits are achieved: 

Spatial multiplexing yields a linear (in the minimum of the number of transmit 
and receive antennas) capacity increase if perfect CSI is available at the receiver, 
compared to systems with a single antenna at one or both sides of the link, at no 
additional power or bandwidth expenditure [12,13]. The corresponding gain is 
available if the propagation channel exhibits rich scattering and can be realized by 
the simultaneous transmission of independent data streams in the same frequency 
band. The receiver exploits differences in the spatial signatures induced by the 
MIMO channel onto the multiplexed data streams to separate the different signals, 
thereby realizing a capacity gain.

Diversity leads to improved link reliability by rendering the channel “less fading” 
and by increasing the robustness against co-channel interference. Diversity gain 
is obtained by transmitting the data signal over multiple (ideally) independently 
fading dimensions in time, frequency, and space and by performing proper 
combination at the receiver. Spatial (i.e., antenna) diversity is particularly attractive 
when compared to time or frequency diversity, as it does not incur expenditure 
in transmission time or bandwidth respectively. Space-time coding realizes spatial 
diversity gain in systems with multiple transmit antennas without requiring 
channel knowledge at the transmitter.

Array gain can be realized both at the transmitter and the receiver. It requires 
channel knowledge for coherent combining and results in an increase in average 
receive signal-to-noise ratio (SNR) and hence improved coverage. Multiple antennas 
at one or both sides of the wireless link can be used to cancel or reduce ICI, and 
hence improve cellular system capacity.

Fig 1: A block diagram of MIMO transceiver

A MIMO system with 
a transmit array of MT 
antennas and a receive array 
of MR antennas is shown in 
the figure 1. The transmitted 
matrix is a MT  x 1 column 
matrix X where Xi  is the 
ith component, transmitted 
from antenna i. The channel 
is considered to be a Gaussian 
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channel such that the elements of X are independent identically distributed (i.i.d.) 
Gaussian variables. If the radio channel is unknown at the transmitter, the signals 
transmitted from each antenna have equal powers of Es/MT. The covariance matrix 
for this transmitted signal is given by 

                                             (1)
Where Es  is the power across the transmitter irrespective of the number of 

antennas MT and IMT is an MT  X MT identity matrix. The channel matrix H is an 
MR X MT complex matrix. Therefore, the received vector can be expressed as the 
input–output relation over a symbol period for a single-carrier modulation and is 
given by

        (2)

Where y is the MR x 1 received signal vector, X is an MT X 1 transmitted signal 
vector, H is the MR x MT MIMO channel matrix and n is additive temporally white 
complex Gaussian noise.

Capacity of a MIMO channel
The Shannon capacity of a communication channel is the maximum asymptotically 
(in the block-length) error-free transmission rate supported by the channel. If the 
transmitted codewords span an infinite number of independently fading blocks, 
the Shannon capacity also known as ergodic capacity is achieved by choosing to be 
circularly symmetric complex Gaussian which results in   Rss  =  IMT.  It has been 
established in [12] that at high SNR,

C = min(MR, MT)log2 ρ+ O(I)                     (3)

With ρ = Es/No, which clearly shows the linear increase in capacity with the 
minimum number of transmit and receive antennas.

OFDM Modulation
OFDM can be thought of as a hybrid of multicarrier modulation (MCM) and 
frequency shift keying (FSK) modulation. Orthogonality among carriers is achieved 
by separating them by an integer multiple of the inverse of the symbol duration 
of the parallel bit streams, thus minimizing ISI. Carriers are spread across the 
complete channel, fully occupying it and hence using the bandwidth efficiently.

OFDM is a block modulation scheme where a block of N information symbols 
is transmitted in parallel on N sub-carriers.

The time duration of an OFDM symbol is N times larger than that of a single-
carrier system. An OFDM modulator can be implemented as an inverse discrete 
Fourier transform (IDFT) on a block of information symbols followed by an 
analog-to-digital converter (ADC). To mitigate the effects of ISI caused by channel 
time spread, each block of IDFT coefficients is typically preceded by a cyclic prefix 
(CP) or a guard interval consisting of samples, such that the length of the CP is at 
least equal to the channel length. Under this condition, a linear convolution of the 
transmitted sequence and the channel is converted to a circular convolution. As a 
result, the effects of the ISI are easily and completely eliminated. 
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MIMO OFDM System Model
A multi-carrier system can be efficiently implemented in discrete time using an 
IFFT to act as a modulator and an FFT to act as a demodulator. The transmitted 
data are the “frequency” domain coefficients and the samples at the output of the 
IFFT stage are “time” domain samples of the transmitted waveform. 

Let X = {X0, X1, ….XN-1} denote the length-N data symbol block. The IDFT of the date 
block yields the time domain sequence x = {x0, x1,….x N-1}, i.e.,

xn = IFFTN {Xk}(n).                                   (4)

To mitigate the effects of channel delay spread, a guard interval comprised of 
either a CP or suffix is appended to the sequence X. In case of a CP, the transmitted 
sequence with a guard interval is 

n = -G,......,-1, 0 , 1,.....N -1                 (5)
where G is the guard interval in samples and (n)N is the residue of  n modulo N.

To avoid ISI, the CP length G must equal or exceed the length of the discrete 
time channel impulse response.

Fig 2: Block diagram of OFDM modulation with MIMO 

Fig 3: Frame structure of the OFDM symbol block

Data Pilot Data Data CP

The OFDM preamble consists of Q training symbols (where Q is the number 
of antennas) of length, NI+G where G≤ NI ≤N, NI  = N/I and  I an integer 
that divides N. Often the length of the guard interval in the training period 
is doubled; for example, in IEEE802.16a [14], to aid 
in synchronization, frequency offset estimation and 
equalization for c h a n n e l shortens in cases 
where the length of the channel exceeds the length of the guard 
interval.
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OFDM Channel Analysis
Let Hi,j be the vector of sub-channel coefficients between the ith transmit and the 
jth receive antenna and let   be the received sample sequence at the lth receiver 
antenna. 
After removing the guard interval, the received samples  are repeated I times and 
demodulated using the N-point FFT as 

                       (6)

=                            (7)

Where k = 0,….N-1. The demodulated OFDM sample matrix Rk of dimension 
(QxL) for the kth sub-carrier can be expressed in terms of the transmitted sample 
matrix Sk of dimension (QxQ), the channel coefficient matrix  Hk of dimension 
(QxL ) and the additive white Gaussian noise Wk matrix of dimension (QxL ) [16] 
as

Rk,QxL= Sk,QxQ . Hk,QxL +Wk,QxL            (8)

Where R, H and W can be viewed as either a collection of N matrices of dimension 
Q x L or as a collection of Q x L vectors of length N.

ICI caused by Time varying channels

Assuming that the multi-path fading channel under consideration consists of Q 
discrete paths, the received baseband OFDM signal after FFT can be written as

R(k) = 0
Q

j2ð n k/Nq
k k kq

q 0

H ( )e   X( ) I( ) W( )
−

=

 
+ +  

 
∑          (9)

Where N and nq denote the number of sub-carriers and the time delay of the qth 
path respectively. Also, Hq(k) and I(k) represent the frequency response of a time-
variant channel, hp(n), and the ICI caused by the time-variant channel respectively. 
Here Hp(k) and I(k) are given by

                                     (10)

      X(m)               (11)

If the channel is time-invariant during a symbol period, the term in the right 
hand side of (11) contains only the multiplicative distortion, which can easily be 
compensated by a one tap frequency-domain equalizer. However, in fast fading 
channels, the time variation of a fading channel over an OFDM symbol period 
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causes a loss of sub-channel orthorgonality resulting in an error floor that increases 
with the mobile system’s speed [18].

The time variant channel within an OFDM block can be approximated by a 
D-th order polynomial function as 

   n = 0, 1, ….., N-1                 (12)

Here the parameters aq,d and bq can be found by solving the least square equation. 
Then, the frequency response of the approximated time-variant channel up to 2nd 

order (n)hq
ˆ  can be written as 

  (13)

Here ˆ 2
kqH ( )  represents the frequency response of the approximated time-variant 

channel of the 1-st order and is given by 

   (14)

The above equation shows the approximate effect of ICI caused by a fast fading 
channel. If the channel is time-invariant during an OFDM symbol period, i.e. aq,2 
= aq,1 = 0, there exists no ICI since  for k ≠ 0 . However, in the case where the 
channel is time

invariant within a symbol period, i.e. aq,1 ≠  0 or  aq,2  ≠  0, the leakage signals are 
distorted over all other sub-carriers resulting in ICI.

Interference Reduction
Co-channel interference arises due to frequency reuse in wireless channels. When 
multiple antennas are used, the differentiation between the spatial signatures of 
the desired signal and co-channel signals can be exploited to reduce interference. 
Interference reduction requires knowledge of the desired signal’s channel. Exact 
knowledge of the interferer’s channel may not be necessary. Interference reduction 
(or avoidance) can also be implemented at the transmitter, where the goal is to 
minimize the interference energy sent toward the co-channel users while delivering 
the signal to the desired user. Interference reduction allows aggressive frequency 
reuse and thereby increases multi-cell capacity.

We note that in general it is not possible to leverage all the advantages of MIMO 
technology simultaneously due to conflicting demands on the spatial degrees of 
freedom (or number of antennas). The degree to which these conflicts are resolved 
depends upon the signaling scheme and transceiver design.
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MIMO-OFDM Channel Estimation
Channel state information is required in MIMO-OFDM for space–time coding 
at the transmitter and signal detection at receiver. Its accuracy directly affects the 
overall performance of MIMO-OFDM systems. Channel estimation for OFDM 
can exploit time and frequency correlation of the channel parameters. A basic 
channel estimator has been introduced in [19]. As discussed before, for a MIMO 
system with Q transmit antennas, the signal from each receive antenna at the kth 
sub channel of the nth OFDM block can be expressed as;

  

Q
(q) (q)
n,k n,k n,kn,k

q 1

R H X W
=

= +∑
                               (15)

where (q)
n,kH is the channel frequency response at the kth sub channel of the OFDM 

block corresponding to the qth transmit antenna, and Wn,k is the additive white 
Gaussian noise. 

The challenge with MIMO channel estimation is that each received signal 
corresponds to several channel parameters. Since the channel response at different 
frequencies is correlated, channel parameters at different sub-carriers can be 
expressed as

  

N 1o
(q) kqq

n,k n,k N
q 1

H h W
−

=

= +∑
     (16)

for k = 0, … N-1, q = 1,….Q and . The parameter No depends on the ratio of the 
delay span of wireless channels to the OFDM symbol duration, and 

WN = exp(-j(2π/N)). Hence, to obtain q
n,kH  we only need to estimate q

n,mh . If the 

transmitted signals q
n,kX from the qth transmit antenna are known for q =1,…Q 

then ˆq
n,kh  a temporal estimation of q

n,kh can be estimated by minimizing the cost 
function

  
ˆ

2
Q No 1N 1

(q) kq q
n,m K n,kn,k

q 0 m 0k 1

R h W x
−−

= ==

−∑ ∑∑
                           (17)          

The estimated channel parameter ˆq
n,mh can be decomposed into the true channel 

parameter q
n,mh  and the estimation error q

n,me  that is   

  
ˆq (q) (q)
n,m n,m n,mh h e= +                             (18)

(q)
n,me  can be assumed to be Gaussian with zero-mean and variance σ2, and 

independent for different qs,  ns or  ms. If the parameter estimation quality is 



368  Advances in Systems Modelling and ICT Applications 

measured by means of the normalized mean square error (NMSE), which is defined 
as 

  

2

2

ˆ q q
n,k n,k

q
n,k

E H H
NMSE

H

−
=

     (19)

Then it can be calculated directly that the NMSE for the estimation in (19) 
NMSEr = Noσ

2 

Space-time Coding for MIMO-OFDM
Quantitatively, the maximum achievable diversity order is a product of the 
number of transmit antennas, the number of receiver antennas, and the number of 
resolvable propagation paths (i.e., the channel impulse response length) [16], [17]. 
To achieve this full diversity requires that the information symbols be carefully 
spread over the tones as well as over the transmitting antennas. A space-time 
code- or more generally, a space–time-frequency code-is a strategy for mapping 
information symbols to antennas and tones as a means for extracting both spatial 
and frequency diversity.

Space-time coding jointly encodes the data streams over different antennas, and 
therefore aims to maximize diversity gain. Two main space-time coding schemes, 
STBC and STTC, are mentioned here. STTC obtains coding and diversity gains 
due to coding in space-time dimensions. However its’ decoding complexity 
increases greatly as the size of modulation constellations, state number, and code 
length increase. STBC based on orthogonal design obtains full diversity gain with 
low decoding complexity, and therefore has been widely used. The well-known 
Alamouti code is just a special case of STBC with double transmit antennas. Space-
frequency block code (SFBC) is based directly on space-time codes (with time 
reinterpreted as frequency).

STBC is optimally designed under the assumption that the fading channel is 
quasi-static.

Therefore, the time or frequency selectivity degrades the performance of STBC 
and SFBC. Between SFBC and STBC, one is selected based on the selectivity of 
the channel in the time or frequency domain. Whatever the delay spread of the 
channel, STBC is chosen only if the channel is slowly varying in the time domain 
when the terminal moves slowly. Similarly, at whatever speed the terminal moves, 
SFBC is chosen only if the channel is slowly varying in the frequency domain 
when the delay spread of the channel is small.

MIMO-OFDM Performance Analysis
For the sake of clarity of exposition we consider a simple MIMO system with 
MT = MR = 2. We assume that the transmitter has knowledge of the channel and 
the SNR p.  Fig. 4 plots the BER as a function of SNR for a fixed transmission 
rate of 6 b/s/Hz. The magnitude of the slope of the BER curve has been shown 
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to be MTMR [14] for a fixed rate and at high enough SNR. This indicates that for 
fixed rate transmission, optimal coding yields full MTMR-th-order spatial diversity 
inherent in the channel. In comparison, the BER curve for a single input single 
output (SISO) AWGN channel with a signaling rate of 6 b/s/Hz is a vertical line 
at p= 18 dB, i.e., an error is always made if we attempt to transmit at 6 b/s/Hz 
over the SISO AWGN channel when p <18 dB. The result confirms the notion 
that an AWGN channel has infinite diversity [15] and furthermore shows that 
for SNR below 18 dB, the MIMO fading channel has better performance in terms 
of BER than the SISO AWGN channel. The same slice for the optimal coding is 
depicted for fixed transmission rate.  For optimal coding for a fixed transmission 
rate, we can trade an increase in SNR for a reduction in BER (diversity gain equal 
to MTMR), and conversely for a fixed BER, we can trade an increase in SNR for a 
linear increase in data rate. 

We note that the two schemes (spatial multiplexing with horizontal encoding 
(SM-HE) and STBOC) used for MIMO OFDM transmission lie in the achievable 
region. Indeed STBOC has been shown to achieve full diversity of MTMR [20]. 
Furthermore, at low SNR, SM-HE outperforms the Alamouti scheme. However, 
due to the higher diversity gain of the Alamouti scheme, at high SNR the situation 
reverses. We can see that the question of which scheme to use depends significantly 
on the target BER and the operational SNR. These encouraging results show that 
MIMO-OFDM creates a new way to achieve high bandwidth efficiency without 
sacrificing additional power or bandwidth. 

Fig 4:  BER performance of a MIMO OFDM with STBOC Alamouti spatial  
 multiplexing

Areas for Future Research
We conclude the article with a brief discussion of open problems in the area 
of MIMO-OFDM that need to be addressed so that the gains promised by the 
technology can be fully leveraged in practical systems. Multi-user MIMO systems 
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are largely unexplored. Making progress in the area of multi-user MIMO systems 
is of key importance to the development of practical systems that exploit MIMO 
gains on the system level. The recently launched EU FP6 STREP project MASCOT 
(Multiple-access Space-Time Coding Test bed) is aimed at developing, analyzing, 
and implementing (in hardware) concepts and techniques for multi-user MIMO 
communications. Specific areas of relevance in the context of multi-user MIMO 
systems include multiple-access schemes, transceiver design (including precoding), 
and space-frequency code design. In particular, the variable amount of collision-
based framework for multiple access, introduced, needs to be further developed 
to account for the presence of out-of-cell interference and to allow for variable 
amounts of collision in space, time, and frequency. Another critical area is MIMO 
OFDM channel estimation using blind methods. By using blind methods, a great 
deal of bandwidth which is used for pilots can be utilized to increase capacity. 

Conclusion
We provided a brief overview of MIMO-OFDM wireless technology covering some 
key aspects of the system design such as; channel modeling, ICI analysis, channel 
estimation and space time block coding aimed at increasing the transmission rate 
and providing reliable QoS to users. The field is attracting considerable research 
attention in all of these areas. Performance results are presented showing the 
potential of MIMO combined with signal processing techniques in achieving 
high data rates through OFDM. Significant efforts are underway to develop and 
standardize channel models for different systems and applications. Understanding 
the information-theoretic performance limits of MIMO-OFDM systems, 
particularly in a channel design and estimation context, is an active area of research 
because they form the basis for reducing ICI and ISI hence improving the QoS. 
Finally, we feel that a better understanding of the system design implications 
of fundamental performance tradeoffs (such as rate versus BER versus SNR) is 
required to enhance performance. The high bandwidth efficiency obtained shows 
that MIMO-OFDM is a potential candidate for future broadband wireless access.
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