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ABSTRACT

Multiple input-multiple output (MIMO) systems hold the
potential to drastically improve the spectral efficiency and
link reliability in future wireless communications systems. A
particularly promising candidate for next-generation fixed
and mobile wireless systems is the combination of MIMO
technology with Orthogonal Frequency Division Multiplex-
ing (OFDM). OFDM has become the standard method be-
cause of its advantages over single carrier modulation
schemes on multi-path, frequency selective fading channels.
Doppler frequency shifts are expected in fast-moving envi-
ronments, causing the channel to vary in time, that degrades
the performance of OFDM systems. In this paper, we present
a time-varying channel modelling and estimation method
based on the Discrete Evolutionary Transform to obtain a
complete characterization of MIMO-OFDM channels. Per-
formance of the proposed method is evaluated and com-
pared on different levels of channel noise.

1. INRODUCTION

The major challenges in future wireless communications
systems are increased spectral efficiency and improved link
reliability. The wireless channel constitutes a hostile propa-
gation medium, which suffers from fading (caused by de-
structive addition of multipath components) and interference
from other users. Diversity provides the receiver with sev-
eral (ideally independent) replicas of the transmitted signal
and is therefore a powerful means to combat fading and in-
terference and thereby improve link reliability. Common
forms of diversity are time diversity (due to Doppler spread)
and frequency diversity (due to delay spread). In recent
years the use of spatial (or antenna) diversity has become
very popular, which is mostly due to the fact that it can be
provided without loss in spectral efficiency. Receiver diver-
sity, that is, the use of multiple antennas on the receiver side
of a wireless link, is a well-studied subject [1]. Driven by
mobile wireless applications, where it is difficult to deploy
multiple antennas in the handset, the use of multiple anten-
nas on the transmitter side combined with signal processing
and coding has become known under the name of space-
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time coding [2] and is currently an active area of research.
The use of multiple antennas at both ends of a wireless link
(multiple-input multiple-output (MIMO) technology) has
been demonstrated to have the potential of achieving ex-
traordinary data rates [3]. The corresponding technology is
known as spatial multiplexing [4] or BLAST [5] and yields
an impressive increase in spectral efficiency. Most of the
previous work in the area of MIMO wireless has been re-
stricted to narrowband systems. Besides spatial diversity
broadband MIMO channels, however, offer to higher ca-
pacity and frequency diversity due to delay spread. Or-
thogonal frequency division multiplexing (OFDM) [6] sig-
nificantly reduces receiver complexity in wireless broadband
systems. The use of MIMO technology in combination with
OFDM, i.e., MIMO-OFDM [4], therefore seems to be an
attractive solution for future broadband wireless systems.
However, inter-carrier interference (ICI) due to Doppler
shifts, phase offset, local oscillator frequency shifts, and
multi-path fading severely degrades the performance of
OFDM systems [7, 8]. Most of the channel estimation meth-
ods assume a linear time—invariant model for the channel,
which is not valid for the next generation, fast-moving envi-
ronments [9]. A time-varying model of the channel can be
obtained by employing time-frequency representation meth-
ods. Here we present a time—varying MIMO-OFDM channel
estimation based on the discrete evolutionary representation
of channel output. The Discrete Evolutionary Transform
(DET) provides a time- frequency representation of the re-
ceived signal by means of which the spreading function of
the multi-path, fading and frequency selective channel can
be modelled and estimated.

2. WIRELESS CHANNEL MODEL

In wireless communications, the multi-path, fading channel
with Doppler frequency shifts may be modelled as a linear
time-varying system with the following discrete-time im-
pulse response [10]

h(m,0) = Z a,e”" §(-N,) (D

p=0
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Figure 1- MIMO-OFDM System Model

Where L, is the total number of transmission paths, ,

represents the Doppler frequency, «, is the relative attenua-

P

tion, and N, time delay caused by path p. Time-varying

transfer function of this linear channel is calculated by tak-
ing the discrete Fourier transform (DFT) of the impulse re-
sponse with respectto 7, i.e.,
L[,—l N .
H([./)(m’a)k) — Z ape/'///, m e—/wkN/,
p=0

2r .
Where o, =~k k=0,1,,k-1. Now, the bi-frequency func-
K

tion B(Q,,w,) is found by computing the discrete Fourier

transform of H(m,w,) with respect to time variable, m:
Ll .
BQ.@)=) 0, 5Q, -y,
p=0

2

Q = ?s s=0,1,---,K —1. Furthermore, the spreading func-

tion of the channel is obtained by calculating the DFT of
h(m, ) with respect to m, or by taking the inverse DFT of
B(Q,,m,) with respect to @,

L,-1

S (Q.0=) a,6Q,~y,)5(t=N,)

p=0
which displays peaks located at the time-frequency positions
determined by the delays and the corresponding Doppler
frequencies, and with ¢, [as their amplitudes [10]. If we

extract this information from the received signal, we will be
able to eliminate the effects of the time-varying channel and
estimate the transmitted data symbol.

3. MIMO-OFDM SYSTEM MODEL
In an OFDM communication system, the available band-
width B, is divided into K subchannels. The input data is

also divided into K -bit parallel bit streams, and then
mapped onto some transmit symbols X, , drawn from an

arbitrary constellation points where » is the time index, and
k=0,1,---,K -1, denotes the frequency or subcarrier index.

We then insert some pilot symbols, at some pilot positions
@k, known to the receiver: ke
P={(.k)|n'e Z,k =iS +(n'mod(S)),ic [0,P—1]} where P
is the number of pilots, and the integer S=K /P is the dis-
tance between adjacent pilots in an OFDM symbol [7]. The

" OFDM symbol s,(m) is obtained by taking the inverse

DFT and then adding a cyclic prefix of length L. where
and L

support of the channel impulse response. This is done to
mitigate the effects of intersymbol interference (ISI) caused
by the channel time spread [8].

The system model is given in Fig.1, a MIMO-OFDM sys-
tem with N, transmit and N, receive antennas, is assumed.

L., 1is chosen such that L<L. +1, is the time-

The system has K subcarriers in an OFDM block, and an-
other L. subcarriers are added as a guard band (cyclic pre-

fix, CP). The incoming bits are modulated to form X,

where i is the transmit index. For each modulated signal,
an inverse DFT of size K is performed, and the CP is added
to mitigate for the residual ISI due to previous OFDM sym-

bol. After parallel-to-serial (P/S) conversion, signal is
1 K-1

- X<i)e/'”*”’
\/E z nk

k=0

s, (m) =

m=—L,,—L.,+1,--,0,---, K =1 where again @, =3k, and
each OFDM symbol has N=K+L., length. The channel

output suffers from multi-path propagation, fading and Dop-
pler frequency shifts:

(/)(m) Z[ Z h(i'j)(m,f) Sf’i)(m_g)J

/=0

A L( 7 —1
z 0(“ ) s m (')(m N“ ")

p=0

p=0

Kol 1591

z X(!) z alj) /'///;/ m /’UA(’”—N/(;'”)
nk

k:O

1 & . : .
H;l‘/)(m,a) )e./wﬂm X;') j
;[\/—k =0 ‘ ’k

where ()’ denotes the ;”

receiver (.)"” is indexing for the
wireless time varying channel between the i transmitter and
the j” receiver. The transmit signal is also corrupted by ad-
ditive white Gaussian noise 7’(m) over the channel. The

th

received signal for the »n” frame can then be written as
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rP(m)=yV (m)+n”(m). The receiver discards the Cyclic
Prefix and demodulates the signal using a K-point DFT as

1 S i i —joym
ﬁz [y,(,)(m)-H],ﬂ )(m)} e’

m=0

) —
Rn,k -

L( )1

N, K-1
- X0S e gfom )
oA
Xz e/%‘f‘”m /(@ —oom +Z;{2 j
m=0
If the Doppler effects in all the channel paths are negligible,
vy =0,Vi, then the channel is almost time--invariant

within one OFDM symbol. In that case, above equation be-
comes
N L‘/J“JLI )
) — (i) (i.j) ,~JONy"’ )
Rn,jk _ZXW,/( Z ap ! e o +Zn,jk
i=1 P=0
N,
- @)y 4 70
- z Hn,/c Xn,k +Zn,k
i=1
where Hﬁ"k” is the frequency response of the channel be-

-th

tween the i transmitter and ;” receiver antenna, and Z./)

~th

is the Fourier transform of the channel noise at the ;" re-

ceiver. If there are large Doppler frequency shifts in the
channel, then the time-invariance assumption above is no
longer valid. Here we consider time-varying channel model-
ling and estimation and approach the problem from a time-
frequency point of view [10, 12].

4. TIME-VARYING CHANNEL ESTIMATION FOR
MIMO-OFDM SYSTEMS

In the following we briefly explain the Discrete Evolutionary
Transform as a tool for the time--frequency representation of
wireless channel output.

4.1 Time-Frequency Analysis by DET

A non-stationary signal, x(n),0<n<N-1,
sented in terms of a time-varying kernel X(n,@,) or its cor-
X(Q,,w). The time-
frequency discrete evolutionary representation of x(n) is
given by [13],

may be repre-

responding bi-frequency kernel

£l jw, N
x(n)= Y X(n,@,)e"™",
k=0

where @, =27k /K , K is the number of frequency samples,
and X(n,@,) is the evolutionary kernel. The discrete evolu-

tionary transformation (DET) is obtained by expressing the
kernel X(n,@,) in terms of the signal. This is done by using

conventional signal representations [10]. Thus, for the repre-
sentation above, the DET that provides the evolutionary ker-
nel X(n,@,), 0<k<K-1,is given by

N-1
X(n,@) =Y x(O)w,(n,0)e™",
/=0

where w,(n,0) is, in general, a time and frequency depend-

ent window. Details of how the windows can be obtained are
given in [13]. However, for the representation of multipath

wireless channel outputs, we need to consider signal-
dependent windows that are adapted to the Doppler frequen-
cies of the channel.

4.2 MIMO-OFDM Channel Estimation

We will now consider the computation of the spreading func-
tion by means of the evolutionary transformation of the re-
ceived signal. The output of the channel, after discarding the
cyclic prefix, for the »” OFDM symbol can be written as,

-
) (i) JV/L D m I(’)k(m N' ) (l)
y(m) = Z Z Dol e X
p=0 k=0 (3)
L( )1
\/1_ z H”)(m w )e/wuﬂX(l)
The equation above can be rewritten in matrix form as,
vy =HYx | 4)
where
. . ) - T
¥ = VO Wy K -D T
(i) _ (i) (i) (i)
X = [XnO’an’ Xk 1:|
X = [x(”,x(z),...,x(‘”")] ;
) Jaxm
HOD = |:a ] - Hn (m,a)k)e k
m,k KxK m,k \/E >

HY = [H“’/),H(Z’“,...,H“"')J.

From (4), the input-output relation for the whole system re-
sults as

y=Hx
where
HO yO
H® y®
H = | , Y=\~
HY) g

If H is known and then input symbols can be estimated via
the following relation,

£=H'y 5)
Now calculating the discrete evolutionary representation of
»)(m) , we get

K-1 .
ﬂWm=ZKWM@k”m (6)

Comparing the representations of y”’(m) in (3) and (6), we

get the kernel as
N

Y (m,@,)= Z(J_H“”(m )X\ j

Above relation is also valid at the preassigned pilot positions
k=k;
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Y (m,w,) =Y, (m,0,.)

() Q)
H," (m,wkf)Xn',k'j

where p=1,2---,P and H'""(m,w,) is a decimated version

of the H/(m,m,) . Note that P is again the number of pilots,
and d =K/ P is the distance between adjacent pilots. Finally
if the pilot symbols are chosen to be orthogonal to each other
the decimated frequency response of the channel between the
i" transmitter and the ;" receiver my be obtained as:

H"(m,@,) = < 1 (mw,).X1) ) ()

H O np

n,p

Taking the inverse DFT of H"”(m,w,) with respect to ®,
and DFT with respect to m , we obtain the down-sampled
spreading function S'(Q,,¢),

1

N L5 -1 N(z >
S;("‘/)(QS,Z) -

z 0((' \J) é‘(! /)(Q l//(' /)) 5(! /)( )
d

By comparing S/“”(Q,,¢) and S“(Q,,¢), we observe that

(0:)) (0:)) i)
the channel parameterse;” N7 and ;" calculated
from S“”(Q,,¢) , can also be estimated from the down-
sampled spreading function S’ (Q,,¢) . The time-frequency

evolutionary kernel of the channel output in the ;"

is obtained as

YD (m,w,)= z Y(OW, (m,0)e !

=0
1 K1 L)1 -,
0 (i.)) ,~@Ng
X o, e
K 520 =0

receiver

;z

M

1

xgwk(mﬁ)e( o) ]
v, (m=0)

We consider windows of the form w ,(m,¢) = e , for
0<y, <z presented in [9] that depends on the Doppler fre-
quency y, . This window will give us the correct representa-
tion of Y,”(m,@,) only when y, =y, in fact, using the

W (m=0)

window w (m,0)=e , above representation of

YV (m,w,) becomes,
NLr
Y mw) =Y (NKH (m,m,) X\, )
i=1
which is the expected result multiplied by X .

4.3 Time-Frequency Receiver

After estimating the spreading function and the correspond-
ing frequency response H"/(m,m,) of the channel, data
symbols X!, can be detected using a time-frequency re-

ceiver given in (5). On the other hand the channel output in
equation (2) can be rewritten as

1 K ‘ ZH('”(’" @,)

(w\ - )m

() )
X, |+ 2.0

n,s

() —
Rn,k -

-1
:iZ B (@, - ,0)X,,+Z,,

5=0

)

where B"(Q,,®,) is the bi-frequency function of the chan-

M

s \

K-

(i) (@) )
231 ! (a)k _ws’a)s)ansJJan,jk
5=0

o
1

th

nel during »” OFDM symbol, and above equation indicates
a circular convolution with the data symbols. Based on above
equality it is possible to write the MIMO-OFDM system
consisting of N, transmitter and N, receiver antennas in a

matrix form as

() B(:D BN X )
= : : Y + :
Mo || gD BNeNn) | | g 2V
or
r =Bx+z
where
B"/ = [bf’k]KxK =B, -w,w) is aKxK matrix; r, x

and z are KxI vectors defined by r" [Rﬁ/l),Rf/z), ,R‘”]T,

xR X and A =[20. 2020 re-

nl?

spectively. Finally, data symbols X) can be estimated by

n,k

using a simple time-frequency: *=B'r.

5. SIMULATIONS

In the experiments, a 2-input, 2-output MIMO OFDM sys-
tem is considered and the wireless channels are simulated
randomly, i.e., the number of paths, 1<L <5, the delays,
0<N,<L,-1 and the Doppler frequency shift

0<y,<¥,,..(p=0,1,--,L, ~1) of each path are picked ran-

domly. Input data is QPSK coded and modulated onto K=
128 sub-carriers. The Signal-to-Noise Ratio (SNR) of the
channel noise is changed between 0 and 15 dB, for a fixed
value of the maximum Doppler v, =500Hzon each path,

and the bit error rate (BER) is calculated by five different
approaches: 1) no channel estimation, 2) 8 pilots, 3) 16 pi-
lots, 4) Pilot symbol assisted (PSA) time-invariant channel
estimation 5) Perfect Channel State Information (CSI) . The
spreading function, hence all the parameters of the channel
are estimated by the proposed method. Fig.1 depicts an ex-
ample of the estimated spreading function for one 2X2
MIMO-OFDM system, during one OFDM symbol. Finally,
Fig. 2 shows the BER versus SNR for the above methods.

6. CONCLUSIONS

In this work, we present a time-varying estimation of
MIMO-OFDM channels for fast-moving communication
systems by means of discrete evolutionary transform. This
approach allows us to obtain a representation of the time-
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dependent channel transfer functions from the noisy channel
output. Examples show that, the BER performance of our
proposed method improves as we increase the number of
pilot symbols, as expected. Moreover, our time-frequency
based method outperforms the pilot symbol assisted LTI
channel estimation approach [9].
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