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Abstract— Techniques for reducing interchannel interference
(ICl) of orthogonal frequency division multiplexing (OFDM)
systems under a fast fading channel are presented. Combined
frequency domain equalization and bit-interleaved coded modu-
lation (BICM) are investigated. Using the fact that ICI energy
is concentrated in adjacent subchannels, the complexity of the
frequency domain equalization can be significantly reduced J;:;;m{ HH H H Hc;ﬁgggﬁx
without much performance degradation. New bit metrics for Y, v,
the BICM are derived to improve the performance when the
frequency domain equalizer and BICM are used together. Com- Fig. 1. A baseband equivalent model for an OFDM system.
puter simulation demonstrates the robustness of the suggested
technigues even when the normalized Doppler frequency is higher
than 0.1.
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using the minimum mean-squared error (MMSE) criterion is
|. INTRODUCTION obtained. Also, new bit metrics are derived to improve the

L . . . formance of the BICM in the presence of the equalizer.
Orth | f d ltipl orFDM) isPe°! . . .
rthogonal frequency division multiplexing ( ) I This paper is organized as follows. In Section II, the

known as an effective modulation technique in highly fre- I ¢ del is d ibed and ¢ f1CI
guency selective channel conditions. The entire transmissiph- &, SYStem modet IS described and properties o are
channel of the OFDM systems is divided into many narro\ vestigated. A simplified MMSE equalizer and bit metrics

subchannels, and each subchannel is modulated by orthog ARPICM are des:|gned.|n section Ill. The performance. of th?
subcarriers [1]. In time-selective channel environments, Hggested techniques is demonstrated by computer simulation

the other hand, time variations of the channel within ah Section 1V, and finally conclusions are made in Section V.

OFDM symbol interval lead to a loss of subchannel orthog-
onality, resulting in interchannel interference (ICl) and an

irreducible error floor in conventional OFDM receivers [2]. |n this section the mathematical model of an OFDM system
The performance degradation due to ICI becomes significast a time-varying channel is described. Properties of ICI
as normalized Doppler frequency increases, which is thge shown, and these properties will be used for designing
ratio of maximum Doppler frequency shift to the subchanngl hardware-efficient MMSE equalizer in the next section.
bandwidth [3].

In [4], a simplified frequency domain equalization is suga. System Model under Time-Varying Channel
gested to reduce ICI. The complexity of the equalizer can be .
reduced significantly by using the fact that the energy of the Fi9- 1 shows an overall baseband equivalent model for an
ICI is concentrated in adjacent subchannels — in other wordd DM system. The output of IFFE,, at timen is given by
only a few adjacent subchannels are major interferers to a N—1
desired subchannel. Bit-interleaved coded modulation (BICM) Ty = 1 Z X, ed2mnm/N (1)
is first introduced in [6], and further analyzed in [7]. The per- VN m—0
formance of the coded modulation over a fast fading channe]
can be improved by bit-wise interleaving at the encoder outpt\ﬂ\fhere N, and X;, are the number of subchannels of the
and by using an appropriate soft-decision metric as an input%:DNI system, and the outputs of encoder at subchannel

a Viterbi decoder. Even though the metric is suboptimal, tHg Ir_espﬁctlvely. By assm;mlng that ;hﬁ chlimnel lconsits c_)f L
BICM outperforms the conventional trellis-coded modulatio ultipath components, the output of the channel can be given

(TCM) over a fast fading channel , mainly due to the addition 4 [8]
diversity induced by the bit-wise interleaver.

In this paper both frequency domain equalization and BICM
techniques are combined for robust and reliable reception in
OFDM systems in a fast fading channel environment. A newhere h,,; and w,, represent the channel impulse response
design method for simplified frequency domain equalizatiqf€IR) of [*" path and additive white Gaussian noise (AWGN)

II. SYSTEM MODEL AND PROPERTIES OHCI

L—-1

Yn = Z hn,l-rn—l + wWp, (2)
=0



at timen, respectively. From (1)y,, can be written as The G,,'s in (5), or off-diagonal elements oH in (8)
N1 represent the ICI caused by the time-varying nature of the
_ 1 X fp(m) gi2rnm/N 3) channel. In a time-invariant channel, one can easily see that
yn \/N Z m+in € ) ( ) . . .
Bm is zero, orH becomes a diagonal matrix, due to the
L1 orthogonality of the multicarrier basis waveforms. In a slowly
where ™ = S hpe72mm/N s the Fourier transform time-varying channel (i.e. the normalized Doppler frequency
i=0 ) f4T is small), we can assumn|g,,|> ~ 0. On the other hand,
of the channel impulse response for subchamnedt timeén. yhen the normalized Doppler frequency is high, the ICI power
After removing the cyclic prefix, the output of the fast Fouriegannat pe ignored and produces an irreducible error floor in

transform (FFT) is conventional OFDM receivers.

B. Property of ICI

In [8], an explicit mathematical expression for ICI power is
derived. By assuming that the multipath intensity profile has
an exponential distribution, and the inverse Fourier transform

m=0

1 N—-1
Ym - yne—j2ﬂ-nm/N. (4)
r 2

By inserting (3) into (4),Y,, can be rewritten as [4]

Y = amXm + B + Wi, (5) of the Doppler spectrum is the zeroth-order Bessel function of
where the first kind, the autocorrelation function of the channel is
= E { by 1} = cdo <WdT(w>‘e” L5 (L~ by)
Wy = —— Z wnefj%rnm/N N
VN = (10)
No1 where ¢, a normalization constant, is chosen to satisfy
a, = 1 ) e et =1, Jy(-) denotes the zeroth-order Bessel function
N " of the first kind. Assuming the data on each subchannel is

3

=0
-1 uncorrelated, ands{|X,,|?} = 1, the normalized ICI power

N N-1
Bm = % Z X, Z H,,(Lk>€fj27r(mfk)n/N. (6) of subchannetn caused by subchannglis [8]
=0

k=0,k#m n N—1
N+25Y (N-n)Jy (%) cos (W)

Here,W,,, a.,, @andg,, represent the Fourier transform«of,, _ n=h

the multiplicative distortion of a subchannel, and the ICI  Vm:k = N—1 - ’
caused by a time-varying channel, respectively. Note that N+2 3 (N=n)Jo (%)

is the average frequency response of the CIR over one OFDM n=t (11)

symbol period. In other words, in a time-invariant channeind the total ICI power for subchannel is then given by
¥ is not a function ofn, and a,, simply becomes the N1
frequency response of CIR as usual. o = Z — (12)

We can express (5) in a vector-matrix form as k=0,kz#m

y=Hx+w @) Fig. 2 shows the distribution of normalized ICI power
among subchannels for differerf;7’ values. Note that the

wherey = [YO"T"’YN*}T’ x = [Xo,. Xna]'y w = overall normalized ICI power level increases as the normalized
[Wo,.... Wy-1]", and Doppler frequency increases. Also note that the ICI power
Ho, Ho, Hon-1 tends to concentrate in the neighborhood of the desired
Hi Hyy - Hin. subchannel which is set to be zero in the Fig. 2. In other
H= ) ) ) (8) words, Vi kg, > Vmk, if |m — k1] < |m — ko| for any

: : : 0 <m,ky, ko < N—1andky, ko # m. Because the ICI power

Hy-10 Hy-11 -+ Hn-1,n-1 decreases significantly ds» — k| increases, it is inefficient
Here, H,, ;. in (8) is defined as to use the entire set of subchannels to equalize a particular
N1 desired sub(_:hannel. Tr_]is i(jea is the key_ for designing a

Hyp = 1 Z k) g=g2m(m—t)n/N_ ©) hardware-efficient equalizer in the next section.
N n=0 Ill. REDUCED-TAP MMSE EQUALIZER AND BICM

In an OFDM system over a time-varying channel, the ICI The conventional detection of OFDM signals using a single
can be characterized byormalized Doppler frequency,7 tap equalizer exhibits relatively good performance at low val-
where f; is the maximum Doppler frequency arid is the ues of f;T". However, in an environment where the normalized
time duration of one OFDM symbol. Hence we can think dboppler frequency is high, orthogonality between subchannels
the normalized Doppler frequency as a maximum cycle chanigeeaks down, and there is an irreducible error floor due to the
of the time-varying channel per symbol duration in a statisticaiterference induced between subchannels. In this section we
sense. design simplified MMSE equalizers in the frequency domain



— et As can be seen from (18), the MMSE equalizer is too

ok " ir-oo | complex to be implemented, especially whéhis a large

/4 number. First, anN-by-N matrix inversion is required to

T [iv] ) obtain the equalizer coefficient matri&, and N? complex

. AN | multipliers are needed to equali?2é symbols.

/’/ \ Using the fact that the ICI power is localized to the

a0l S 1 neighborhood of a desired subchannel, only a few neigh-

- RN P borhood subchannels can be used for equalization without
S N much performance penalty. Derivation of thetap MMSE

ol mmmmT i i equalizer is similar to the MMSE case. This time, however,

FEE R we find the solution for each desired subchannel individu-

6o - " ] ally. The problem is to find the equalizer coefficient vec-

_ el tor gm = [Gm,0,---59m,q—1] Which minimizes the mean-
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squared errorE{‘Xm me’ } where X,,, = g,,y,» and

Fig. 2. Distribution of normalized ICI power, N=64 _
g P Yim = [Ym—ta-1)/2)0 Yims(a-1)/2) - Here (-)y de-

notes modular function with modulus. y,, is then

and appropriate bit metrics for BICM. First, a traditional VY = HpX + Wy, (20)
MMSE equalizer design approach is described, and a new T
design method using a reduced-tap MMSE equalizer in tHderew,, = [(Won—ta-1)/2)+ -+ Womt(a-1)/2),] and

frequency domain is presented. Then we propose improved

Hoo S ~
bit metrics for BICM in the presence of the equalizer. (m=(q . D/2)y 0 _ (m—(q 1.)/2)N’N !
A. Reduced-tap MMSE Equalizer H, — Humo Hyn—1
Our OFDM system model is . .
y=Hx+w (13) Hontg-1/2)50  Hmtg-1)/2)y.N-1

as given in (7). In this problem, we want to find theby-N

equalizer matrixG which minimizes the cost functiof{|x — From (14), the MMSE solution is

%|2}, wherex = Gy is the equalizer output vector. This is Em= Rmemel, (22)
the classical MMSE design problem, and the solution is given
as and, by the same assumption as in the previous section, we
G =Ry R, (14) have
_ H
where R denotes the covariance matrix, which is defined as Rx,y. = E {mem}
Ry, = E {xy'} andR, = E {yy'}. Here the superscript = o’h (23)
H t I te t Th Iting MM . .
denotes complex conjugate transpose. The resulting S%ereh is them* column of the matrixtL,,. i.e.,

is then

—1 T
MMSE = Tr (Rx — RxyRy ' Ryx) (15) Wy, = [Hon—(g=1)2) ysm> - - Homr(g=1)/2) g om] - (24)

where R, = E{XXH} and Ryx = E{yXH}, and Tr(-) Also we have
denotes trace function. Assumiidd is known, x is a zero-

H
mean i.i.d. random vector with varianee,2, and w is an Ry, = E{ymym}
AWGN vector with variancer, 2, thenR,y is = o?H,H! ++21,. (25)
Ryy = 02HY, (16) After inserting (23) and (25) into (22), the-tap equalizer
andR, is vectorg,, becomes 1
R, = o2HH" + 621y, 17 2 \T
y = O oy 17 —n! (Hmﬂﬁ + ";flq> . (26)
whereIy is the N-by-N identity matrix. Then (14) can be T
rewritten as Similarly, we have

2 -1 N-
H H, w
G-mt (m s 221y) 18) MMSE = Z 1~ guh) @7

x

Likewise, (15) becomes .
By choosing an appropriate numhgmwe can reduce complex-

MMSE = o2Tr (I — GH) (19) ity of the equalizer significantly. For example, whah= 64,



i T Btmereave 1] where p,, is a random variable representing the random am-
: Convoonal | —»{ B mereaver || 160A plitude of the received signal, and, is a complex zero-mean
__ | tae%) = Bitintedeaver | (Gray Mapping) Gaussian random variable with varianeg?. The received

T Bl [ signal is then passed through a demodulator, four metric com-
o 4,@%’* putation units, and metric de-interleavers. Finally, the decision

channel gain on the transmitted sequence is taken with the aid of the
D ™ Viterbi decoder. At the receiver, the faded, noisy version of the

Yoo transmitted symbol is passed through four metric computation

Receiver units. An optimal decoder calls for a complicated metric which

P takes into account the apriori probabilities of transmission of
] [ Mot Deinterieaver [« Metric Comp. m' all possible transmitted symbols associated with the output bit
e Il e ¢ . In selecting a decoding metric, a tradeoff exists between
“ l«| Mot Denterieaver | Metric Gomp. ma simplicity of implementation, robustness of the system, and

error performance. In [6], the suboptimal metric

Fig. 3. Block diagram of a BICM system ; i 2

mi (yn: 53 p,) = min
is suggested.

the full-tap MMSE requires 6_4—by—64 matrix inversion V\.”th We can combine the BICM with th¢-tap MMSE equalizer
4096 complex multipliers, while the 3-tap MMSE equalizer, . . : ; X .
designed previously to increase diversity as well as signal

21eueltoil|§|i§r4'f5 3-by-3 matrix inversions with only 192 comple{O interference noise ratio (SINR). The problem with this

combination is to determine what metrics are appropriate in the
B. Bit-Interleaved Coded Modulation presence of the equalizer. Without the equalizer, the metrics

. _ ) _ should be the same as (29), i.e.,
OFDM is an attractive modulation technique for the sys-

. . . . : — . 2
tems employing convolutional channel coding because of its Metric0 = min Yn — Hppz|”, ¢=0,1 (30)
inherent orthogonality between subchannels. When an OFD'\flwere H,, in (9) is the channel gain at the subchannel
system does not suffer from ICI, each subchannel can pbe '

’ . : . te that off-diagonal elements #f in (8) are all zeros since
viewed as an independent flat fading channel. By independent ~ . . . .
. ...there is no ICIl. However, in the presence of equalizers, MetricO
we mean an impulse channel so that, when transmittin

convolutional codes, the decoder’s trellis has the same numE%Pmt be used directly since the input of the metric computa-

of states as the transmitter’'s. Single carrier systems un gn units is not the channel outpy, but the equalizer output

er : C !
multipath channels, on the other hand, suffer from intersymb%’l“ Hence the simplest metrics in the presence of equalizers
. . could be
interference (ISI) so that much more complex algorithms are
required for maximum likelihood decoding. Metricl = misg |y — x|2, c=0,1. (31)

It is known that the BICM technique, based on a convolu- e

tional code followed by bit interleavers, yields higher coding‘etric_l' however, does not include the subchannel gain in-
gain over a Rayleigh fading channel than the original trellidormation which may improve the performance greatly. If we

coded modulation (TCM) [5], [6]. The diversity of a codeoscale the metrics based on the power of each subchannel, then

system can be increased with this approach, and the diverd§ have
is proportional to free binary Hamming distanég.. of the Metric2 = min |Z,, — x|2 |H,nl?, ¢=0,1. (32)
code, and the error performance is governed by some function eese
of dfee. First, the BICM decoding method is briefly describedVe can improve further by examining the equalizer output,
And then new bit metrics are designed for proper interaction
with the equalizer.

An example of the BICM system is shown in Fig. 3. In ,
this example, a binary sequendg at time n is encoded = gnhnzn + 8o (Wn + W) (33)

into another binary sequence, using a rateR = %, whereg, = [gno.....gnq_1] is the equalizer coefficient
convolutional code. The encoder outputs are fed into foyector, the channel matri#l, is from (21), andh,, is n'"

independent ideal interleavers, resulting in a binary vectgslumn ofH,,. Herew’, denotes ICI associated wigh,. Since
ro_ 17 27 3/ 4/ i "
c,) = |c, ,c2,¢2’ ¢ |. A group of 4 bits at the output

mi) mIrnmin

of the interleavers is mapped into the 16-QAM signal set

T, = ZnYn
= 8n (an + Wn)

(& — galpzal” = [gn (Wi +wh)[”

2 2
Zn. The mapped signal points are digitally pulse shaped, and =~ gal” [wn +wy |7, (34)
transmitted over the channel. At the receiver, a faded noiggw metrics can be obtained as
version of the transmitted signaj, can be written as 1 )
Metric3 = ‘7 miép |Zr, — gnhpz|”. (35)
rES®

Yn = PnTn + wy, (28) gn‘



IV. SIMULATION RESULTS
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Fig. 4 illustrates the mean-squared error performance of the
MMSE equalizers as a function of SNR whgpT = 0.1.
In this simulation, the number of subchannéisis 64, and
1-tap, 3-tap, 5-tap, and full 64-tap MMSE equalizers are
under consideration. Note that the curve of the 64-tap MMSE
equalizer is almost a straight line, meaning that the full-tap
MMSE equalizer does not suffer from an irreducible error
floor due to the ICI unlike other fewer-tap equalizers. Also
note that the error floor decreases as the number of the
equalizer taps increase. Fig. 5 compares BER performance for
different metrics. In this simulation the number of subcarriers
N = 32, the normalized Doppler frequengy7=0.4, 4-QAM

-8
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—20|
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5-tap
— 64-tap

1-tap (conventional OFDM receiver)
3-tap
5-tap 4

64+tap (fullMMSE)

modulation, and 64-state convolutional code with rate 1/2 10
are used. As expected, the performance order is Meticl
Metric2 < Metric3. At BER=10"%, Metric3 has 1.2 dB gain Fig. 4.
over Metric2, and 0.2 dB over Metricl for the 3-tap MMSEf,T = 0.1
equalizer. Fig. 6 shows the BER performance under various
conditions. Only the systems having both equalizer and BICM

Mean-Squared

16 18 20 22 24 26 28 30

SNR (dB)

Error performance of proposed MMSE equalizer,

do not suffer from serious ICI degradation. Note that both ‘1-
tap with BICM’ and ‘BICM only’ has an irreducible error -
floor due to the severe ICI impairments. 107

V. CONCLUSION

As demand for high speed communications under various
mobile scenarios rises, the ICI problem of OFDM systems
become an important issue. In this paper combined techniques §
for robust OFDM under fast fading channels are proposed —
reduced-tap frequency domain equalization and bit-interleaved
coded modulation. Complexity reduction compared to the
MMSE equalizer is achieved with little performance penalty
due to the energy concentration property of ICI. A new MMSE
design method for reduced tap equalization, and bit metrics for

3

o

107

107E

10°

3tap+Metricl
— - 3tap+Metric2
—— 3tap+Metric3
32tap+Metricl
32tap+Metric2
— 32tap+Metric3

BICM are developed. Computer simulation results show that
the proposed technique is robust under very fast fading chanplgl 5
conditions. AN
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