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SUMMARY

Orthogonal frequency division multiplex (OFDM)
modulation systems can complelely prevent intersymbol
interference due to multipath propagation by providing a
guard interval which is longer than the maximum delay
herealter we call “delay spreading” In an environment in
which the delay spreading exceeds the guard interval, on
the other hand, intersymbol interference occurs. This study
considers a MIMO-OFDM system in which a MIMO con-
figuration with high diversity gain is introduced into the
OFDM modulation scheme, and discusses the transmission
characteristics of maximal ratio combining transmission
(single-stream transmission). It is shown that the MIMO-
OFDM system is less affected by intersymbol interference
due to the delay, even il the delay spread exceeds the guard
interval, and that good performance is achieved. I is also
shown that the channel response which is required in real-
time control can be estimated with sufficient accuracy.
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1. Introduction

The orthogonal frequency division multiplex
(OFDM) modulation system is a multicarrier modulation

29

system in which communication is performed by using
multiple carriers. In a multipath environment, intersymbol
interference (1SI) can be completely prevented by a guard
interval (GI) introducing a cyclic prelix (CP) longer than
the maximum delay of multipath waves. But in a propaga-
tion environment with a delay spreading (hereafter we use
this term in place of the maximum delay) exceeding the GI
length, a signal exceeding the GI length will also contain
adjacent symbol information after OFDM demodulation,
which will degrade communications quality due to in-
tersymbol interference [1, 2]. I a guard interval that is
sulliciently long compared to the delay spread is provided,
immunity to delay spreading will be assured. When the G1
lenglh is increased, on the other hand, the problem arises
that information transmission efficiency is degraded.

Consequently, this paper considers MIMO-OFDM,
in which a MIMO (multi-input multi-output) configuration
with diversity elfect is introduced into the OFDM modula-
tion system [3-6]. Computer simulations are used (o inves-
tigate how immune the system is (o intersymbol
interference when maximal ratio combining (ransmission,
which is a single-stream transmission, isused in am ultipath
environment in which the delay spreading exceeds the GI
length.

In order to determine the transmission and reception
weights in a MIMO system, the channel response charac-
leristics must be determined; that is, the channel responsc
must be estimated with a high accuracy. The estimation
procedure for the channel response in a MIMO-OFDM
system is discussed in the second half of this paper. It is then
shown that the channel response can be estimated with
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sufficient accuracy even in a multipath environment in
which the delay spreading exceeds the GI length.

2. Representation of a MIMO Multipath
Channel

In an indoor or urban environment, a mobile commu-
nications channel is a multipath channel in which signals
propagate over multiple paths. Consider a transmission and
receplion array syslem (MIMO) with M transmitling ele-
ments and N receiving elements (Fig. 1).

For the path connecting element m of the transmitting
antenna with element 1 of the receiving antenna in a multi-
path propagation environment, the impulse response
h,,,(T) and the frequency transfer function a,,,(f) are

o (7) = D alin6 (7~ i) M
i=1

anm(f) = a-v(:r)n exp (—jZTTfT,gE,) (2)
i=1

Here 8 is the delta function, and af), and 1§}, are the
complex amplitude and the delay time of the multipath
channel i. The number of paths is set as infinity (o), but the
actual number is finite.

Using the above expression, the channel based on the
MIMO channel transfer function is represented as follows:

an(f) a2(f) aim(f)
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Fig. I.

Wideband multipath transmission channel of
MIMO sysiem.
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The delay profile, which is the power average of the
impulse response, is used in the statistical representation of
the propagation environment. The delay profile p(t) is
expressed by the following exponential function in most of
the indoor and mobile propagation environments:

Here 0 is the delay spread and Py, is the average power of
the multipath wave.

When the number of paths is sufficiently large and
the delay spread oy is fairly large compared 1o the symbol
length Ty (T = T/K, T, is the effective symbol length, and
K is the number of subchannels of OFDM), the profile can
be approximated as follows, with discretization for each
delay interval Ty

L-1

p(r) = Po ZeXp (—%) dr—iTe) G

i=0

Here, the number of waves discretized with an interval T,
is denoted as L and is called the multipath number. Py is a
parameter used to adjust the total power to Pg. The ampli-
tude of each discretized delayed multipath wave i follows
an independent Rayleigh distribution. Figure 2 is an exam-
ple of the impulse response of the channel.

In an indoor environment, the path direction spreads
sufficiently around the transmitting and receiving stations.
Thus, itis assumed in the discussion that a,,,, is uncorrelated
for paths with any n and m. In the above multipath environ-
ment, the above assumption is valid when the antenna
distance is larger than a half-wavelength [7].
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Fig. 2. Example of impulse response in the
environment with exponential delay profile (G, = 5T;).



3. Optimal Weight in Maximal Ratio
Combining

3.1. Maximal ratio combining

When the channel characteristics are known (e.g., il
itis measured by some means, such as a training sequence),
the transfer function matrix A can be determined as in Eq.
(3). Then the optimal weight that maximizes the SNR
(signal-to-noise ratio) of the reccived signal is determined
as follows [7].

Let the transmitted signal be s(1). Then the average
power of the transmilling signal before weighting in the
transmiltter is expressed by

Ps = (s"(t) 5(t)) (6)

The noise and the average noise power are given, respec-
tively, by

n(t) 5 [nl(t)s n2(t): fats anN(t)]T (7)

Proise = (nn(t) na(t)) (n=1,2,.,N) (8)

Let the weight vectors of the transmilling and receiving
antennas be

T
Wi = [Wer, Wiz, .., WM 9

T
Wy = [Wr1, Wr2, ..., WrN] (10

Then the received signal ¥(f) and the average received
power P, are represented, respectively, as follows:

y(t) = wl (Aw.s(t) + n(t)) (1)
B = <|y(t)lz>
= 'w:{AwtlzPs +'w'fwrpnoise (12)

The condition is imposed that the total transmitied
power P sent from the transmitting antenna remains con-
stant, regardless ol the transmitting weight. The condition
is likewise imposed that the noise power P, in the re-
ceived signal from the receiving antenna remains constant,
regardless of the receiving weight. For this purpose, the
weights are normalized as follows:

lwe] = VwHw, =1 (13)
lwe] = VwHw, =1 (14)

Then, the received power is obtained from the above ex-
pression as
Pr:/\Ps‘i‘Pnoise (|5)

where

= |wf Aw,|” = wl Awwl AMw,  (16)
Since the transmitted power P and (he noise power P, ;.
remain constant, the received power P,, that is, A, should be
maximized in order to maximize the SNR. The transmitting
weight w, and the receiving weight w, that maximize the
above A are expressed, respectively, as follows:

Wt = €t,maz

(17)
(18)

Wr = €r,max

Here ¢, is the eigenvector corresponding (o the maxi-
mum cigenvalue of matrix A”4, and e, may is the eigenvector
corresponding to the maximum eigenvalue of matrix AA”.
Thus, the weights of the transmitter and receiver are deter-
mined only from the channel response matrix A.

3.2. Weights in MIMO-OFDM

The transmitting and receiving weights given by Eqs.
(17) and (18) are weights which are matched to the signal-
carrier transmission MIMO system. However, the MIMO-
OFDM system is a multicarrier transmission system in
which the transmitted signal is sent by multicarrier modu-
lation, and the received signal is received by multicarrier
demodulation. For this purpose, the transmitting and re-
ceiving weights must be derived for each carrier.

In the equivalent low-pass system, let the carrier
frequency of the O-th subchannel be f = 0. Then the
carrier frequency fi of the k-th subchannel is given by

(k=0,1,2,...,K-1) (19
Al this frequency f;, the channel transfer function a,,,(k)

from the m-th transmitting antenna to the n-th receiving
antenna is

L-1
aum(k) =) alin exp(=j2nfuiT)  (20)
i=0

Using the above transfer function a,,,(k), the transfer func-
tion A(k) of the k-th subchannel of the whole MIMO
system can be determined by Eq. (3).

In maximum ratio combining transmission, the trans-
milting weight w,,. and the receiving weight w,, for cach
subchannel are expressed as

= €t,max (k)

Wrk = €rman (k)

Wik 21)

(22)

Here, e, (k) is the cigenvector corresponding (o the maxi-
mum cigenvalue of matrix A”(k)A(k), and e, (k) is the
cigenvector corresponding to the maximum eigenvalue of
matrix A(k)A™(k). By using these transmitting and receiving



weights, maximum ratio combining of the antenna output
is realized.

4. System Configuration

Figure 3 shows the (ransmitter and receiver configu-
rations in the MIMO-OFDM system which is the object of
performance analysis in this paper. The (ransmitter applies
serial-parallel (S/P) conversion to the input data, dividing
them into the data corresponding to each carrier. Then,
differential coding PSK modulation is applied to the di-
vided data sequence (DPSK is used in this study). The
signal after the above primary modulation is used in com-
mon by the MIMO communication antenna elements. This
shared signal is multiplied by the transmitting weights, and
the inverse Fourier transform (IFFT) is applied to the result-
ing signal in order to perform OFDM modulation. In order
to avoid intersymbol interference in the transmitted signal,
acyclic prefix is builtin. After applying parallel-serial (P/S)
conversion, the signals are sent from the antenna elements.

The receiver receives the signals arriving on the mul-
lipath channels by means of the receiving antenna elements.
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Fig. 3. MIMO-OFDM system.
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Serial-parallel conversion is applied in each receiving an-
tenna element, and the guard interval is removed. OFDM
demodulation is performed by applying the Fourier trans-
form (FFT). Then the received signal is obtained for each
carrier. The received signals of the carriers are multiplied
by the receiving weights and combined. The resulting sig-
nal is demodulated by delayed detection. Then, parallel-se-
rial conversion is applied and the received data are obtained.

5. BER Floor Value in Multipath
Environment with Delay Spread Exceeding
the Guard Interval

In a multipath environment, if the delay spreading
(the maximum delay Taelay) Stays within the GI length (1)),
intersymbol interference (ISI) due (o the multipath can be
avoided completely. Thus, the BER (bit error rate) depends
only on thermal noise. Consequently, the BER can be
reduced by increasing the value of Ej/Ny, resulling in the
BER characteristics shown by the solid line in Fig. 4.
However, when the delay spreading exceeds the GI len gth,
waves exceeding the GI length produce ISI. Intercarrier
interference (ICI) is also produced, which degrades the
BER performance. In this case, the BER is not decreased
by increasing E,/Ny, resulting in a floor characteristic, as
shown by the dashed line in Fig. 4.

In the case of Rayleigh fading, the floor value of the
BER due to intersymbol interference is determined by (he
three parameters shown in Fig. 5 [8].

(1) TG//G7: the ratio of the guard interval length to the
delay spread
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Fig. 4. Example of BER floor characteristic by ISL.
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Fig. 5. Key parameters for errors due to ISI in OFDM.

(2) 0./T;: the ratio of the delay spread o the OFDM
symbol length

(3) Tt/ T, theratio of the guard interval to the OFDM
symbol length

In practice, the floor value is governed by two of the above
three paramelers.

Reference 8 considered a single-input single-output
(SISO) multipath environment and analyzed the BER [loor
value due to intersymbol interference by using an equiva-
lent channel model. This study investigates the BER floor
characteristics due to intersymbol interference in a MIMO
system, and uses a simulation (o determine how much the
floor value is reduced in MIMO.

6. Simulation for BER Floor Value
Characteristics

Table | shows the simulation conditions. It is as-
sumed that the channel characteristics are known. In order

Table 1. Simulation paramcters

20000 (= 100 x 200)

Number of OFDM symbols

Number of subcarriers 128
Subcarrier modulation/demodu- DQPSK
lation

Delay spread 5To
Number of paths 128

Independent Rayleigh
distribution

Path amplitude

lo investigate the statistical propertics, the propagation
environment is varied by using a random variable for cach
100 symbol transmissions, constituting a session; 200
simulation sessions are performed.

6.1. BER floor value characteristics in OFDM
with SISO configuration

The multipath propagation environment is a propaga-
tion environment with an exponential profile. In the propa-
gation environment shown in Table 1, the number of paths
is a constant value of 128. The system transmission charac-
teristics are determined by varying the GI length 1, as 0,
5, 10, and 1287, that is, as 0, 1, 2, and 25 times the delay
spread o;. When the GI length is sufficiently large (1287),
the delay of each wave remains within the GI length, and
there is no intersymbol interference.

Figure 6 shows the BER characteristics of the single-
element receiving antenna for the single-element transmis-
sion antenna (SISO system). When the delay spread stays
within the GI length (tg; = 1287), there is no intersymbol
interference, leaving only the effect of thermal noise. When
T 18 decreased, intersymbol interference may be produced,
depending on the ratio lo 6y, and a floor value is produced
in the BER characteristics. When the Gl length is decreased,
the floor value is increased, and the BER characleristics are
remarkably degraded. ;

Figure 7 shows the BER floor characteristics as a
function of 15,/0; of OFDM with SISO configuration. The
solid line and the dashed line are (he characteristics calcu-
lated from the equivalent channel model in fading environ-
ments with continuous and discrete exponential delay
profiles, respectively [8]. The curve with circles is the result
obtained by simulation. The delay prolile with the discrete

o
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Fig. 6. BER characteristics of SISO.
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Fig. 7. BER floor value characteristics of SISO-OFDM
system,

exponential function is used in the simulation. It can be seen
that the simulation result agrees well with the calculation
results for the discrete type.

The following observation is made from Fig. 7. In
order to reduce the average BER (o less than 107 in SISO
transmission, even if the delay spread is approximately 4%
of the symbol length (curve C), the GI length must be 4
times the delay spread, that is, 16% of the symbol length.

6.2. BER floor value characteristics in OFDM
with MIMO configuration

Figures 8(a) to 8(d) are examples of the received
power characleristics (power: solid line) and the error dis-
tribution characteristics (BER: bar graph) for the link con-
necting each transmitting antenna and receiving antenna
(corresponding to SISO) in MIMO 2-2, in an intersymbol
interference environment. Since thermal noise is not in-
cluded in the calculation, the generated errors are due (o ISI
and ICL. It is clear from Figs. 8(a) to 8(d) that the occurrence
of these errors is concentrated at the sites (subchannels) in
which the received power is low. This is attributed to the
fact that the frequency characteristics vary greatly in these
sites, enhancing the waveform distortion.

Maximal ratio combining is a combining scheme in
which the received power is maximized (i.e., the SNR for
constant noise power is maximized). It is expected that the
error due to ISI will be reduced greatly by applying this
scheme. In Fig. 8(e), the received power changes less,
owing to the diversity effect in the MIMO configuration.
The transmission error is also reduced. Thus, the MIMO
configuration is promising, since it is more robust to in-
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Fig. 8. Diversity effect of MIMO2-2 system.

tersymbol interference than the original SISO configura-
tion,

Figure 9 shows the BER characteristics of the
MIMO2-2 system. When the GI length is 1287, the delay
spread stays within the GI length due to the setting of
(TG4/Gy) in Table 1. Consequently, there is no intersymbol
interference and no floor occurs in the BER characteristics.
On the other hand, when the G1 length is 0, 1, or 2 times the
delay spread, a floor is observed in the BER characteristics

0 5 10 15 20
Eb/No (dB)
Fig. 9. MIMO2-2 and MIMO4-4 BER characteristics.



because of intersymbol interference. However, the [loor
value is smaller than that in the SISO1-1 characteristics.

It can be scen in the MIMO4-4 characteristics in Fig.
9 that the loor value is greatly improved compared to the
MIMO2-2 characteristics. Thus, itis evident thateven if the
delay spreading exceeds the GI length, the maximum ratio
combining (ransmission scheme of the MIMO system is
effective in reducing the effect of intersymbol interference.
The GI length can be set shorter; which improves the
information transmission eflficiency.

The floor value of MIMO2-2 is marked in Fig. 7 for
comparison 1o the BER [Moor characteristics of SISO (Fig.
7), as shown in Fig. 10. It is evident from the ligure that
when the ralio Tg;/0; is increased, the BER is decreased,
indicating that the effect of intersymbol interference is
reduced. Compared (o the SISO configuration, the BER
floor value is lower in the MIMO2-2 conliguration, and the
characteristics depend strongly on t;,/0;.

The BER characteristics of MIMO2-2 and SISO were
compared lor the case of 0./T; = 0.039 (curve C), that is,
for the case in which the delay spread o is approximately

4% of the symbol length T,. In order (o realize a BER of

approximately 107, it is required that T;/c, = 0, that is,
the GI length is nol needed in the MIMO2-2 configuration,
while it must at least be approximately 3.5 times the delay
spread, or 14% of the symbol length, in the SISO confligu-
ration. The latter represents a drastic degradation of trans-
mission efficiency. Thus, the MIMO2-2 configuration is
better than the SISO configuration in terms of transmission
efficiency.

[
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Fig. 10. BER [loor value characteristics of MIMO2-2
systen.
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The number ol transmitling antenna elements and the
number of receiving antenna elements were varied as (1-1),
(2-2), (3-3), (4-4), and (5-5), and the relation between the
number of antenna elements and the BER floor value in
MIMO system was investigated with Tg/0, as the parame-
ter. The propagation environment was set as follows, The
conditions in Table | were kept unchanged. The number of
paths was sel as 128, and the delay spread was set as o, =
5Ty. The guard interval length was set as Tg; = 074, 5Ty, and
10T, that is, T;/0, =0, 1, and 2.

Figure 11 shows the relation between the number of
antenna clements and the BER [Toor value in the MIMO
system. It is seen that a large floor value is produced in the
SISO system (M = N = 1) when the guard interval is
insullicient. In the MIMO syslem, on the other hand, the
BER [lloor value is greatly improved with an increase in the
number of antenna elements. In addition, the error due o
intersymbol interference is greatly reduced with increasing
51/ Or.

Next the delay spread o, was varied as 10Ty and 157y,
and T was sct as 2567, and 384T, respectively, so that the
ratio o/ T remained constant (= 5/128). As is evident from
the figure, even if the delay spread G, in the communica-
tions environment changes, the BER characieristics are
maintained il the ratio 6,/ T, and the ratio T;;/ G, remain the
same.

In the maximum ratio combining transmission (i.c.,
beamforming transmission) in OFDM, where a series of
data is transmilted on subcarriers, as considered in this
paper, the diversity effect is significant in BER evaluation,
asisevident from Figs. 9 to 1 1. In the discussion of practical
systems, however, comprehensive evaluation is needed,
including the effects of error correction (FEC) and inter-
leaving.

7. Estimation of Channel Response

7.1. Method of channel response estimation

In order to determine the transmitting weights and the
receiving weights in maximal ratio combining, the channel
response A in the transmission environment must be
known. Upto this stage, the case of ideal channel estimation
has been assumed. In a real situation, however, the channel
characleristics must be estimated for an environment in
which the delay spread exceeds the guard interval. Thus, it
is necessary to ascertain whether the channel response can
be well estimated. Various methods for channel response
estimation have been proposed. In this study, estimation
based on the least-square error |9] is used, since it uses a
simple calculation and can be applied to OFDM. The
method ol channel response estimation is deseribed below.



In OFDM, a channel transfer function is required for
each subcarrier frequency. Consequently, the channel re-
sponse matrix A should be treated as a function of the
frequency (more precisely, the subcarrier number k). For
subcarrier frequency k, let the signal transmitted from the
m-th transmitting antenna (m = | 22,..., M) be s, (t, k) and
let the channel response be a,,(k). Letting the noise be n(t,
k), the received signal rit, k) is

: M
Pk =Y sm(t k) am(k) + n(t, k) (23)
m=1
Let the estimate of a,,(k) be 3,,,(!(). 3,,,(!() is chosen so that
the mean-square error of the error vector €(t, k) is mini-

mized:
M

eWR) =r(t;k) = sm(t, k) dm(k)

m=1
E [e7(t,k) e(t, k)]
=E [rH(t,k) r(t,k)]

(24)

= D E[sm(t, k) rH(, k)] @m (k)

M M
+ Z Z E [S:”'(t” k) 8 (8 ,‘7)] G (k) a, (k)

m=1,,"=

M
i Z E [T (t, k) v (¢, k)] @ (k)

m=1

(25)

Here, E[] is the ensemble mean, calculated as the time
average over the training symbol period.

Forming the partial derivatives of both sides of Eq.
(25) with respect to 3,,, (m=1,2,..., M)and equating
them to 0, the following equation is obtained:

M
Y am(K)E[sm(t, k) si(t, k)]
m=1
=E[r(t, k) sk(t, k)] (26)
where
s(t,k) = [s1(t, k) sat, k) ... sm(t, k)T (@7
r(t, k) = [ri(t, k) Pollik) . rn(t, k)T (28)
@ (k) = (1 (k) d2m(k) ... anm(K)T (29)
Letling
A(k) = [a1(k) ao(k) ... am(k)]  (30)
Ros(k) = E [s(t, k) s"(t,k)] (31)
Rrs(k) = B [r(t, k) ™ (4, k)] (32)

36

Equation (26) is written as follows:

AT (k) Ros(k) = Ry (k) (33)

= AR) = [Reo(k) RZK)]T 64

Using this expression, Ry (k) and R, (k) can be calculated
from the transmitted signal s(#, k) and the received signal
r(t, k) for the training symbol at subcarrier frequency & in
OFDM, and the estimate .ﬁ(k) of the channel response
matrix A(k) can be determined. The ensemble averages in
Eqs. (31) and (32) are calculated as the time averages in the
training symbol period.

7.2. Simulation for channel response
estimation

Table 1 shows the simulation conditions. In order to
derive the statistical properties, the propagation environ-
ment is varied for each 100 symbol transmissions, consti-
luting a session, and 200 sessions are performed. By
varying the parameters of the propagation environment, the
channel response is estimated by using Eq. (34), based on
10 training symbols. Using the estimated channel response
matrix, the transmitting weights and the receiving weights
are calculated by using Egs. (21) and (22), respectively, and
the data transmission is performed by using the obtained
weights,

The multipath propagation environment in the simu-
lation is a propagation environment with an exponential
function profile as shown in Fig. 2. The number of paths is
set constant as 128. By varying the GI length T over

10 T . —
=4— 0 /T = 5/128
s —e- crt,f'rE = 10/256
—— O /T = 15/384

G /T = 0.03% = Const.
T 3

BER

Antenna Elements N=M

Fig. 1. BER floor value characteristics of
MIMO-OFDM system.
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Fig. 12. BER characteristics of MIMO2-2 by channcl
estimation.

values of (), 5, 10, and 1287, the transmission charac-
teristics of the system are investigated. The transmission
characteristics of MIMO2-2 are investigated in the simula-
tion. Figure 12 shows the results. The points in the ligure
are the transmission characteristics based on channel esli-
mation (estimated CSI), and the solid lines are the transmis-
sion characteristics for a completely known channel
response (perfect CSI).

We see from the ligure that the two characteristics
agree rather well. Thus, good transmission characteristics
can be obtained even if the delay spreading exceeds the
guard interval. The reason seems (o be as follows. The
estimated weights (i?’,, I,i\’,.) are the eigenvectors correspond-
ing to the maximum eigenvalues of the correlation matrices,
and are less affected by the interference wave (the average

: it Ay X
correlation coefficients {{W, Wl) between the weight W,

derived from CSI for 15,/T, = 3.9% and the estimated
weight ﬁ’, are 0.9729, 0.9744, 0.9945, 0.9960, and 0.9987
for E,/Ng=0,5, 10, 15, and 20, respectively). It is consid-
ered that the effect of the weight error on the characteristics
degradation is smaller, even if it exists (0 some extent.
Figure 13 shows the BER characteristics in MIMO?2-
2 and MIMO4-4 channel estimation as lunctions of the
number of training symbols. We see from the figure that the
BER characteristics of MIMO2-2 approach the charac-
teristics for the case in which the channel response is
known, if the number of training symbols is at least 8. In
MIMO4-4, the number of antenna elements is increased,
which necessitates a larger number of training steps in order
for the characteristics to converge. Generally, 2 1o 3 times
as many sample values as the number of transmitting an-
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Fig. 13. BER characteristics for training symbol

number of channel estimation.

tenna elements are needed in order to estimate the channel
when determining the weights for the array antenna. For
this reason, a larger number of samples, that is, training
steps, are required in MIMO4-4 than in MIMO2-2.

It is evident from Fig. 13 that the channel response
can be estimated with good accuracy in the MIMO4-4
system il 15 or more training symbols are used.

In a real radio wave propagation environment, there
always exists a correlation between subcarriers. Since the
weights differ less, the training signals of adjacent subchan-
nels can be used in the determination. Thus, by utilizing the
relations between subcarriers eflectively, the number of
samples can be increased by ulilizing adjacent subchannels.
The number of training symbols can be reduced accord-

ingly.

8. Conclusions

This paper has considered OFDM with a MIMO
configuration (MIMO-OFDM) in a multipath environment
with the delay spreading exceeding the guard interval, and
has investigated the maximal ratio combining transmission
characteristics (single-stream transmission). It has been
shown that even il the delay spreading exceeds the guard
interval length in MIMO-OFDM, the elfect of intersymbol
interference due to delay is reduced by the diversity process.
Thus, good transmission performance is realized without
the use of special countermeasures such as an equalizer. It
is also shown that the estimation of the channel charac-
teristics, which is required in the real-time control, can be



performed effectively even if intersymbol interference is
produced due to delay.

In MIMO-OFDM, the guard interval length can be
decreased. Consequently, it is expected that a communica-
tion system with a belter transmission efficiency can be
realized by incorporating the high diversity gain which is
an essential feature of MIMO.
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