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Residual ISI Cancellation for OFDM
with Applications to HDTV Broadcasting

Dukhyun Kim, Student Member, IEEEBNd Gordon L. Siber, Senior Member, IEEE

Abstract—An iterative technique is developed for orthogonal its limitations because it introduces a bandwidth penalty. An
frequency division multiplexing (OFDM) systems to mitigate the attempt to equalize residual I1SI has been suggested in [5], but

residual intersymbol interference (ISI) that exceeds the length ; ; ; ; i
of the guard interval. The technique, called residual ISI can- ?&%:gszmgﬂf has high complexity and provides only a limited

cellation (RISIC), uses a combination of tail cancellation and . . ) . .
cyclic restoration and is shown to offer large performance im-  This paper introduces a technique to mitigate residual ISI,
provements. The effects of imperfect channel estimation are also called residual ISI cancellation (RISIC). The RISIC technique
considered. The RISIC algorithm is applied to a typical terrestrial  js based on a very efficient method for echo cancellation [6].
high-definition television (HDTV) broadcasting system that uses The RIS|C technique can be thought of as an iterative version
a concatenated coding scheme for error control. Results show of the echo cancellation method in [6]. The RISIC technique

that the RISIC algorithm can effectively mitigate residual I1SI on . . L . .
static or slowly fading ISI channels. will be shown to be highly effective in combating residual ISl

Index Terms—HDTYV broadcasting, interchannel interference WI'EPhreasona_bIg Cor?plti).(lty' . ized foll
(ICI), intersymbol interference (ISI), orthogonal frequency divi- € remancer o IS paper IS organized as Iollows.

sion multiplexing (OFDM). Section Il describes the OFDM system and channel models. In
Section Ill, the effect of residual ISI is evaluated for different
channels, both analytically and by computer simulation.
|. INTRODUCTION The RISIC technique is introduced in Section IV, and its
RTHOGONAL frequency division multiplexing performance without coding is evaluated in Section V. In
O(OFDM) is an attractive technique for terrestriaSection VI, the RISIC technique is applied to a terrestrial
broadcast channels because the intersymbol interfereiti2TV broadcasting scenario where a concatenated coding
(ISl) introduced by the channel can be mitigated by usingsgheme is employed. Finally, Section VIl provides some
guard interval, rather than the complex equalization scheneencluding remarks.
that are required for single carrier modulation [1], [2].
High-definition television (HDTV) broadcasting is among the II. SYSTEM MODEL

many applications where OFDM is considered, due to theWe assume a data rate of 20 Mb/s where the data are inde-

very high data rate (20 Mb/s) of HDTV programs and th endent bits. A 16-quadrature amplitude modulation (QAM
limited bandwidth (6 MHz in North America and Japan) [3]§onstellation.is useg, which requirgs about 5 MHz of( band)—

Il\/loreover, stucces_sful ;']DTV bro?dcgsttlng requw?s extrem idth. As in [8], an inverse fast Fourier transform/fast Fourier
ow error rates, since the errors tend to propagate over Mapi, ¢, (IFFT/FFT) pair is used as a modulator/demodulator.

packets, due to source coding with a very high compressi P e .
ratio. Typically, a packet error rate (PER) of less tharmr10 Pdr theth block, the N-point IFFT output sequence is

is necessary for satisfactory HDTV reception. 1 ML 2rnk
Along with 1SI, the interchannel interference (ICI) that %4k :\/—N Z Xin exp {J

arises from the loss of subchannel orthogonality in an OFDM n=0

block is known to limit the performance of OFDM systems. 1)

The error floors created by ISI and ICI are severe challengggere { X, 2 1V-Lis the transmitted symbol sequence a¥d
for the success of OFDM-based HDTV broadcasting. Trelligs the block size. If the guard interval is a cyclic extension of

coding and antenna diversity schemes can significantly lowge |FFT output sequence [2], then the IFFT output sequence
the error floors due to ICI. However, the very long delayith the addition of the guard interval is

spreads or deployment of single-frequency simulcast networks

(SFN’s) poses the possibility that duration of the ISI exceeds TR =Th4N-G)y:  OSESN+G-1 )

the length of the guard interval [4]. Such ISl is calkegdidual where G is the length of the guard interval, arfél) y is the

ISI and can be devastating, even in small amounts. Increasjidique of: modulo N. The Samples{a:Z},’g‘:BG_l are passed

the length of the guard interval to reduce the residual ISI hﬁﬁough a digital-to-analog (D/A) converter with ratg/Z’

whereT’, is the sample period of the OFDM signal with the
Manuscript received September 1, 1997; revised February 1, 1998. guard interval.
r_
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TABLE | component with contributions only from bloegk Then
Four-Tap StaTic ISI CHANNEL MODELS o
tap || delay || frac. power || frac. power . — . _ _
# || (us) (Ch.1) (Ch.2) Tili—1.k = Z hmioy,(k—mtc)x (1 = u(k —m + G))
0 00 0.15 0.39 m=G+1
1| 62 0.65 0.16 (5)
2 0.4 0.15 0.26 M
3 ]| 06 0.05 0.19 Tilik = Z b (k—m)y w(k — m + G) (6)
m=0
10 , , Y whereh,, ;. is replaced by:,,, since the channel is static, and
u(n) is the unit step function. The received sample sequence
m — Channel 1 = {rixtizg is demodulated by taking th&-point FFT
---- Channel 2
of : FET{ri} = FFT{ry;_1} + FFT {r;;} ()
wherer; represents a vector with elements frgm 5}~ -
& We can express thenth sample of FEFT {r;; 1},
S o0l {1 FET{ry;_1}(n) as
£ v I M N-1
L - 1 2rlm
: g ¥ 2 Y Ko {250
‘, v m=G+1 =0
-20 " iy b N_1
' ) - 27(l —n)k
. Z wlm—k — G —1)exp {JM}
N
k=0
=30 1 1 1 1 27]'lG
0.0 0.2 0.4 0.6 0.8 1.0 -exp < J (8)
n/N N

Fig. 1. Amplitude spectrum of static ISI channel with OFDM for= 128. and FF'T {TZ|Z}(TL) by

2rnm
assumed. Throughout the paper, perfect carrier and t|m|nngn{ Z hm exp { } Z him

synchronization are assumed. In the absence of noise, if m=0 m=G+1
G > M, the received samples for thith block after removal P 2rnm 1 G m
of the guard interval are PA7wN N N
M i 27lm
rin= 3 hog@igeomyys 0SESN—1 (3 Z hn Y X gexp {—J ¥ }
m—0 m=G+1 =0
i#£n
where h,,, , is the channel impulse response at tagand N 2n(—n)k
instant k. : Z ulm —k—G—1)exp { = } 9)
Two static ISI channels are considered, as shown in Table . k=0

Channel 1 has subchannels with a moderate null, wherdas symboln of block, (8) is the ISI contribution from block
Channel 2 has several subchannels with a severe null (Fig. 1)1, the top half of (9) is the useful signal term, and the bottom
For fading channels, we choose the six-tap typical urban (THalf of (9) is the ICI term. We can express (7) as

and hilly terrain (HT) power delay profiles from the COST-
207 studies [9]. The tap gains are zero-mean complex Gaussian Zn =FFT{r;}(n) (10)
random processes that are generated using Jakes’ method [10] =1nXn + I (11)
corresponding to a two-dimensional (2-D) isotropic scatterlqlgh

environment.

2mnm
=3 e {75 3
[1l. PERFORMANCE OFOFDM ON ISI CHANNELS =0 Gl
2mnm G m
A. Static ISI Channel - exp {—J N }(1 ty N) (12)
If M > @G, then the received samples in (3) can be modified L=I,+1i_1. (13)

as the sum of two componentgz.
and wherel, ,, is the ICI term andl;,_, ,, is the ISI term.
Tik = Tili—1,k T Tiji,k (4) Next we find the signal-to-interference ratio (SIR) for sym-

bol n defined by
wherer;;_1 ; is the received sample component with contri-

butions only from blocki — 1 andr;); 5, is the received sample SIR(n) = P,(n)/Pr(n) (14)
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where the useful signal power is 10° . . ‘ K , .
Py(n) = 5 Eln X[ (15)
where E(-) implies expectation. Since the input symbols 10~ 5
{X; ,}N_+ are assumed to be independeht, and I,, are .
also independent. Furthermoig,, and;_; ,, are zero mean g *\\&
. . . -2
and independent, too. Then, the interference power is T 10" ¢ Sy E
e il
Py(n) =} BIL[? u
:%E|Ii—l,n|2+%E|Ii,n|2 310_3 3 E
_ 2 O—>0 Channel 1 (analysis)
= Disu(n) + Her(n). (16) /A~——~A Channel 1 {simulation)
. . y @ - - 2 Channel 2 (analysi
The signal power in (15) can be expressed as 10° | *,,*Chzﬁﬁg,zﬁzﬁﬁ‘u{;?gm E
h 27rnm 5
Z m eXp Z m 10‘5 I L L L ¢ L | L
m=0 m=G+1 4 5 6 7 8 9 10 1 12 13
2 tog,N

2mnm G m
-exp § —J 1+ —=-—= ) - ) A
N N N Fig. 2. Performance of OFDM signaling on static ISI channels with different

2 block sizesG = 0.
{ 27rnm}
Z ho, exp
foor N known. As expected, the error floor due to the ISI decreases

if M —-—G< N (17) with increasing block size. However, when there exist deep
N ) null subchannels, as in Channel 2, the improvement from
where P, = 5 E|X,|*. Expressions for (16) can be describethcreasing block size is quite small. Therefore, increasing

7

as [7] block size is not always a very efficient countermeasure against
ISI.
Prsi(n {
m_zG:+l rnz—:rn B. Fading ISI Channel
Re {h h* exp {_j%”(m —m')H On fading ISI channels, channel time variations during a
mem N block cause ICI. For large block sizes, the central limit theorem
M can be invoked and the ICI can be treated like additive white
- Z |hm|2(m—G)} (18) Gaussian noise (AWGN) [8]. If we assume 2-D isotropic
m=G+1 scattering and Rayleigh fading, then for largethe SIR is
P 7
Pir(n) = Pisi(n) — el [7] p
M 2 SIR = P — (22)

5 w

where P,

(29) N-1
P,= N2{2E|hm|2<N+2Z - Jo(27 fpTs L))

> hmexp {—127r]7\1,m}(m @)\ -

m=G+1

Note that the second term in (19) is relatively small when m=0

M — G <« N, in which casePr(n) =~ 2Psi(n). The symbol

error rate (SER) for 16-QAM is [11] + Z E|hm|? <N -m+G
m=G+1

SER=3Q[ /17 | [1-2Q[ /1 20 N-m_1+G
Q( ° ) Q( )] ( ) +2 Z (N_m_i+G)JO(27rfDTgi)

=1

where~; is the received SNR per symbol ad#(-) is the @ (23)

function. With OFDM, the SER on static ISI channel is
and wherefp is the maximum Doppler frequency anig(-)

SER— 1= SER 21 is the zero-order Bessel function of the first kind.
N Z () (21) The SER for a Rayleigh fading channel is obtained by
averaging (20) over the probability density function

where SER (n) is obtained from (20) withy,, replaced by 1

SIR (1) from (14). p(w) = — exp {—Z—} w>0 (24)
Fig. 2 shows the SER floors due to ISI without noise, Vs Vs

for different block sizes, when a guard interval is not usedhere 7, is replaced by the SIR. The SER obtained by

(G = 0) and the channel impulse response is assumed toumng the SIR in (22) is actually an upper bound when the
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interference caused by ISl is a dominant factor. This is due to 44

the correlation between the useful signal and interference term.
An intuitive explanation is as follows. If the channel varies
slowly, then we can assume the channel impulse response
is constant over a duration of a block. Hence, from (14),
the conditional SIR for the subchanne] given the channel ¢ 107" | i
impulse responsé, SIR(n)p,, is &
<)
E[|7, X[ |h] &
SIR(n)), = —/— ==, (25) =
AR g .
> RS
For M — G < N, SIR(n)y, is well approximated by ®10° EG—oO1,NT,=0.001, GT,=0 (analysis) v ]
A—2ATNT,=0.001, GT =0 (simulation) "~
SIR(n), ©--Of,NT =0.001, GT =2 s (analysis)  “g_
a o * - - % f,NT ,=0.001, GT,=2 us (simulation) Sl
N 27n , O Of,=80 Hz, GT =0 (analysis) T ¥
>3 hmhl, exp —j = (m—m’) D> - £1,=80 Hz, GT,=0 (simulation)
_ Ps m=0m’=0 10ﬁ3 L L i I L 1 i
=5 5 6 7 8 9 10 1 12 13
2 PISI(”)},, log,N

Fig. 3. Performance of OFDM signaling on fading ISI channels with dif-

G ferent block sizes.

M 9
> Y it { =i m -}

m=0m’/=G+1

+ enough to keep the ICI small, while it must be large enough to
Prst(n)p, keep the ISI small for channels with a long impulse response.
M M . 2n / Also, as explained above, the SER from the analysis when

Z Z hmhy exp <_JT(m -m )) GT, = 2 ps agrees very well with simulation result, but gives

4 mEGHmM=GHL an upper bound whe& = 0.
Prsi(n)p,
IV. RISIC
(26) If the channel changes little during the block duration and

) ) the guard interval is sufficiently large, i.&Z > M, then the
where Pisi(n)p, is from (18) but expressed differently as  nannel output is

M M

P, . ) M
Psip =7 2 > hwhiymin[m—Gm' -] Pk =3 hiemyys  0SESN—1  (28)
m=G+1m'=G+1 m=0
_ !
- exp {—JW} (27) where7; ; represents the desired channel output that is free
of ISI. To achieve the desired channel outpit in the

In (26), the first and second fractions represent the portipnesence of residual ISI two steps must be taken. The first
of the SIR for which the Rayleigh assumption is valid ins to remove the residual ISI from the received signal, and
computing the SER because the useful signal term and the second is to use reconstruction to restore cyclicity and
interference term are uncorrelated. The last fraction, howevaypoid ICl. These two procedures are called tail cancellation
shows that the useful signal term and the interference term ared cyclic reconstruction, respectively [6]. The procedure can
correlated. Hence, when the useful signal term is faded sdbig described by

the interference. Consequently, the Rayleigh assumption leads v

to pessimistic performance estimates, i.e., the use of (22) to Fik =Tik—Tifimtp + Z R (k)
compute the SER gives an upper bound. On the other hand, if ’ ’ i ’ }

the portion of the energy contained within the guard interval (1= ulk —m+ Q). (29)

is relatively large, then the last fraction becomes insignificant
relative to the first two fractions in (26) and, hence, the SERhe residual ISl is removed from the received signal by
found by using the SIR from (22) is accurate. subtracting the second term in (29). Cyclicity is restored by
Fig. 3 shows the performance on a fading ISI channel thidie last term in (29).
is based on the COST-207 six-tap TU channel model [9]. The feasibility of implementing the tail cancellation and
Similar to the case of static ISI channels, the performancgclic reconstruction procedures depends on the availability
improves as the block size is increased if the normalized the transmitted signalxz;} at the receiver. Echo can-
Doppler frequency,fpNT;, is small. Unlike the static ISI cellers have exact knowledge of the transmitted symbols
channels, however, the block size should not be made tand, therefore, the above procedures have been successfully
large, because of the ICI caused by channel time variationgplemented [6]. The vast majority of communication appli-
over block (Fig. 3). Therefore, the block size must be smalhtions that require mitigation of ISI, however, do not enjoy
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this luxury. We now describe the method for reducing the 440
effect of ISI, using the aforementioned procedures, when the
transmitted symbols are not available to the recedveriori.

A. RISIC Algorithm
We assume that the channel impulse response is const@ﬂ‘y2

over a block period, i.e ik = hm,0 <k < N —1.The £
RISIC algorithm proceeds as follows. Gg10? L .
1) An estimate of the channel impulse responsg, is 32 i Eg;ﬁf:i
obtained from a training sequence and updated in (%1 | 5—ARISIC, =2 i
decision-directed mode. Channel estimation will be *—* RISIC, 1=3
treated in more detail in Section V-C. N . >—=> Lower bound
- 107t 1

2) Decisions on the transmitted symb0{§(Z Lntneo
from blocki — 1 are obtained for use in tail cancellation.
Since the decisions are affected by residual ISI, some 445 1 1 :
may be erroneous. These symbols are converted back to  1° 20 25 30 35
the time domain using IFFT giving;_1 &} g E/N, (dB)

3) For the block of index we perform tail cancellation by Fig. 4. Performance of the RISIC technique on ChannelGl:= 0,
calculating the residual ISI and subtract it fram,, i.e., N = 128.

M
7(]3 =rip— Z hnl.’i'i_L(k—rn-l—G)N
m=G+1 !
(I-uk-m+@G), 0<k<N-1 30)

0

10 T T T T T

where M is the estimate of the maximum channel 10° :
impulse response length.
4) The{s (0)}k obtained in Step 3 are converted to theu 107 |
frequency domaln using FFT and decisions are made&

Rate

G—-©No RISIC

Afterwards, the deC|S|ons are converted back to the t|mE 10" | A—ARISIC, =1 .
domain to g|ve{az O N-1 E O—HaRISIC, 1=2
5 N . ik kl 0- on by formi oo *—* RISIC, I=3
) Next, we perform cyc ic reconstruction by forming 10° L b & Lower bound ]
O ~(0) A(T-1) 10° | ]
z k + Z hmxz J(k—m)n
m=G+1 S
(I =ulk —m+G)), 0<k<N-1 (31) 0 s 20 25 30 35 40 45

. . . - E/N, (dB)
where I represents an iteration number with an initial
value of I = 1 Fig. 5. Performance of the RISIC technique on ChannelG2:= 0,

6) The {7 (’)}k are converted to the frequency domaln\ 128.

(N —1
and decisions are made yieldifg;)},;'. This com- Figs. 4 and 5 illustrate the performance of the RISIC for

pletes thelth iteration in the R|S|C algor('ﬁ?”]l, L Channels 1 and 2, respectively, whefe represents the
7) To continue iterations, convert th¢X, '}, 10 symhol energy andV, represents the power spectral density
{z (I)}k and repeat Steps 5-7 with— I+ 1. of AWGN.
8) The end of the RISIC algorithm for block RISIC offers a huge improvement in the SER, even after
the first iteration and especially at high SNR. Several orders
V. PERFORMANCE OF THERISIC ALGORITHM of magnitude improvement in the SER are achievable for both

channels after two or three iterations. The lower bounds shown

We now evaluate the performance of the RISIC algorithrﬂ
these figures are obtained by computing the SER using (21
on both static and fading ISI channels. The stability of th Rithout ISgI and with noise onlyy on ghan?lel 1, two |terago(ns)

RISIC algorithm and the effect of using imperfect esumatese required to effectively achieve the lower bound, while three
of the channel impulse response is also investigated. First, |€I

tSrations are required on Channel 2.
assumed thab? = M, but M 7 M will be considered later. A periodic pilot sequence may be needed, even if perfect

) channel information is available, in order to prevent instability

A. Static ISI Channel when feeding back a highly erroneous signal in the tail

Suppose that the receiver has perfect channel informati@ancellation procedure. Table Il shows the performance of
The two static ISI channels in Section Il are considere®ISIC on Channel 1 withV = 64 for E,/N, = 35 dB
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TABLE I 10° . . : .
EFFECT OF USING PiILOT SEQUENCE WITH RISIC TECHNIQUE
Over- No SER SER SER
head | RISIC I=1) (I=2) (I=3)
0% 0.17 0.84 0.84 0.85 107" | i
2% 017 [[7.5x107% || 29x 1077 | 5.8 x 105
5 % 017 || 75x107% | 26x10~* | 3.1 x 10~° @
b
s
10° : @ 10" ¢ 1
3
E o—ONoRISIC
@ &—ARISIC, I=1
A 10° | G—8RISIC, =2 |
10 ¢ E *—* RISIC, I=3

>——=> Lower bound

10 1 Il Il
E 15 20 25 30 35 40 45

E/N, (dB)

G—©ONo RISIC
A~ ARISIC, I=1
L—+I RISIC, 1=2

Symbol Error Rate
3

Fig. 7. Performance of the RISIC technique on a fading ISI chaithet: 0,
N = 1024, fpNTs = 0.005.

107 ¢ * % RISIC, =3 1
f >——> Lower bound
information. For a strictly static ISI channel, the channel
N J ‘ ‘ . . estimation process needs to be carried out only once. In fact,
10 15 20 25 30 35 40 45 almost perfect channel estimates can be obtained using a
EJ/N, (dB) training sequence [6]. Time-varying channels present the real

Fig. 6. Performance of the RISIC technique on a fading ISI chaithet: 0, challenge_ for channel estimation. . .
N = 1024, fpNTs = 0.001. For fading ISI channels, we propose a channel estimation

technique that can provide accurate estimates, even in the

. - . rf:sence of residual ISI. A special OFDM training block is
and various training sequence overheads. Even with srr%é
t

overhead (2%) the SER improves dramatically, whereas eed where a chirp sequence6f2 symbols are used [6]
algorithm diverges when a pilot sequence is not used. Fur- o
thermore, only a small degradation was observed with 2% C, = exp <j—n2>, 0<n<
overhead as compared to 5% overhead. If the block size is N

increased toV = 128, the RISIC algorithm converged for

Channel 1, although a pilot sequence was not used. Since maR§ Chirp sequence provides a desirable peak-to-average

communications systems do utilize periodic training sequendWer ratio of one and weighs each subchannel equally in

for the purpose of synchronization or channel estimatiofiSimating the channel, since the FFT of a chirp sequence

additional overhead to maintain stability when applying RISI¢S @S0 chirp sequence. Unlike [6], however, we modify the
may be unnecessary. training sequence to increase resilience to residual ISI, by

inserting zeros in every odd subchannel. The training block
symbols are

N

5-1 (3

B. Fading ISI Channel

'For.fading ISI channels, the chanlnel impulse response \{aries _[V3Chpy n =02, N -2
with time. If the channel changes little over a block duration, Dn=19, ne13.. N—1 (34)
however, andM — G < N, then ’ T
By =2 LIFFT {n}(m). (32) where+/2 is a normalization factor. Th&/-point IFFT of D,,
VN ist
When the channel variations are rapid, Fig. 3 shows that
the performance is dominated by ICI rather than residual di = Ck) /o 0<ELN-1. (35)

ISI. Assumer,, is known at the receiver and the channel

impulse response is found by (32). Figs. 6 and 7 show th®om (35), the first half of the time domain training sequence

performance of RISIC on a TU channel wifiyb N7, = 0.001 ~ {¢,} is identical to the second half. This is a valuable property

and fp NT, = 0.005, respectively, and 5% training overheadfor long channel impulse responses because the first half of
{di} can be used just like a guard interval, whilé, } still

C. Channel Estimation possesses a peak-to-average power ratio of one. The following

All the remarkable improvements that RISIC has shown
so far are achieved under the premise of perfect channélThec, can also be obtained by thH€/2-point IFFT of {C, }.
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is the channel estimation procedure using the proposed training 44°

block. G—-© Channel 1, perfect n
. . &L O OChannel 1, estimated n
1) After removal of the guard interval, the received samples o | QO > &1,NT=0.001, Perfectn

are rearranged as a9 ©--©fNT.=0.001, estimated n
_ N
Tts,k = Tts,k+(N/2)» 0<k< 5 1 (36)

where the subscripts indicates that the received sam-
ples are for a training block.
2) N/2 channel estimates,, are calculated by

Symbol Error Rate
3

Z, N L
=G0, 0<n< -l @ °°
where {Z,,,}Y27! is the N/2-point FFT of  10° | 3
F }(N/Q)—l
ts,k S =0 . N
3) The estimateg,, are converted td,, by 107 . s s s s
1 15 20 25 30 35 40 45
I = Wi I[FFT {f}(m) (38) E/N, (dB)
A/ = Fig. 8. Effect of imperfect channel estimation with the RISIC technique

2 for static and slowly fading ISI channels with' = 128 and N = 1024,

. . ~ oy respectively:G = 0,1 = 3.
where anN/2-point IFFT is used. Then{hm}gf;/g) !

is passed through a rectangular window to zero

hm,m> M and the result is{h,,}/2~* which is 10° ‘ ’ ‘ ‘ ‘
used for RISIC.
4) {ﬁm}fﬂg)’l is padded by zero sequence of lengih2
and then converted ¢4, V- by w0 | |

fin=VNFFT{h}(n), 0<n<N-1 (39

where, this time, arV-point FFT is used. The channel 5
estimates for allV subchannels are now available for@ 107 ¢
data demodulation. 38

When M is not known, the window size must be Iargef?
enough to incl_ude the _er_1tir_e channel impulse_respons_e yetas o | O—O1,NT,=0.005, perfect 1 |
small as possible to minimize the effect of noise. The impact G -- ©1f,NT_=0.005, estimated n
of M > M is considered in Section VI.

On static ISI channels, the channel estimation is performed
only once, at the beginning of each simulation run, and the 10 : ! ‘ . *
channel estimates are averaged over four blocks. On fading ISI 15 20 2 £ /Ns?dB) % 40 45
channels, the channel estimation is performed by periodically s
sending one training block out of every 20 blocks transmittedlig- 9. Effect of imperfect channel estimation with the RISIC technique for
while updating the channel estimate in the remaining blocRdadind IS! channely’ = 1024,G = 0,1 = 3.
in a decision-directed mode [12]. In the decision directed
mode, the decisions made after the final iteration of the RISIC VI. APPLICATION OF RISIC TO
algorithm are used to update the channel estimates. Decision TERRESTRIAL HDTV BROADCASTING
errors do not degrade the accuracy of the estimates excessiveI%

. . Concatenated coding schemes have been suggested as a
because the rectangular window can smooth out the aberrations ¢ hi th N v low bit te (BER) that |
caused by the decision errors. means to achieve the extremely low bit error rate ( ) that is

Fig. 8 shows the performance of the RISIC technique wi{ﬁqu"ed for HDTV programs [13], [14]. Since the bandwidth

channel estimation on static and very slowly fading 1SI chafl North America and Japan is limited to 6 MHz, the inner
nels. For a static ISI channel, the SER obtained is virtualfPde must be a bandwidth-efficient coding scheme, such as a
identical to that obtained with perfect channel estimatioffllis-code [15]. We first show how the RISIC technique can
For a slowly varying fading ISI channélf, N7, = 0.001), be used in conjunction with error correcting codes and then
the RISIC technique works well with the channel estimatiogvaluate the link performance of a typical HDTV broadcasting
especially at high SNR. However, for faster fadiffgpp N7, = System on a static ISI channel.

0.005), the degradation is severe, as shown in Fig. 9. This Trellis-codes can be generated by either feedforward or
suggests that the proposed RISIC technique with chanife¢édback encoders. Implementation of the RISIC technique
estimation is well suited for static and slowly time-varyingequires block-by-block decisions. When trellis coding is used,
ISI channels. this condition can be satisfied by terminating the codes at

Rate
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the end of each block. Therefore, we choose a feedforward e
encoder, since the trellis can be terminated easily with an
all-zeroes tail sequence at the end of each block.

Choosing a trellis-code for a broadcast channel is a chal- 15 L
lenge because the channels are extremely diverse. It is impos-
sible to select a single code that optimizes the performance on
all static ISI channels. We can, however, choose a code th@atio® |
will perform well with expected channel characteristics. Foft
television broadcasting, the channels can be categorized aé a
static (or quasi-static) ISI channel, where the channel is timg10® - ___ N . _______________
invariant or varies very slowly in time. When OFDM is used G—ONo RISIC
on a static ISI channel, the frequency selectivity makes the [ O BRISIC, I=1
channel behave like a flat fading channel, although there are10™ gfﬁg;ﬁnd
no actual channel time variations. The reason is that the code - -« - HDTV Threshold
symbols being transmitted on the different subchannels will
experience different gains, i.e., some of the subchannels will 10 10 1‘5 20 2’5 20
appear to exhibit a fade while others do not. For interleaved E/N, (dB)
flat fading channels, trellis-codes having a large minimum
error event length perform better than those having large frelg- 10. BER of the inner trellis-code with the RISIC algorithm.

Euclidean distances [16].

To transmit 4 bits/s/Hz over a fading channel we usg the beginning of the simulation by averaging four training
independent inphase and quadrature (I-Q) coding with tycks. Periodic training blocks are also transmitted at a rate
rate-2/3 eight-pulse-amplitude modulation (PAM) trellis-codegs gne training block out of every 20 blocks sent.
that have shown good performance [8]. Since the encoders fofrhe channel is based on the COST-207 six-tap typical HT
these rate-2/3 eight-PAM codes are given in feedback realizapgel [9], with fixed tap coefficients. We choose a block size
tion in [8], we need to convert to a feedforward realizatiorys v — 1024 with the guard interval of 5us. The guard
This can be done by following the conversion rules in [16]nterval is long enough to mitigate the 1S for the TU channel
For a constraint length-five encoder, the generator matrix isnodel, but much less than the maximum delay spread for the
D 0 D24+ D+1 HT model which is 17.2us.

1 D*+D?+D D2+D |- (0 The HDTV viewing threshold is based on the PER. After

the performance of the inner trellis-code has been found
For the outer code, we use a shortened RS(204, 188) code Wifhsimulation, the PER at the output of the RS decoder is
eight bits per symbol, that can correct eight symbol errors [1&pproximated by [13]

The RISIC technique with concatenated coding is essentially
the same as described in Section IV-A. The main difference is Lo
that the decoders must be used in the decision-making process, PER~ Z <k> SER' (1 — SER®* (42)
and the feedback signal used in the cancellation procedure is k=t+1
obtained from the code symbols (with frequency-interleaving).

Generally, the outer code will provide satisfactory performane¢here L is the RS codeword length in symbols,is the

if the inner code can provide an SER of T0or lower. As error correction capability of the RS code in symbols, and
we have seen earlier, the RISIC algorithm performs welBER is the probability of code symbol error. If sufficient
even when the SER is much higher than-i0Therefore, interleaving is used between the inner and outer codes, then
the complexity involved in using the RISIC technique wittSBER= 1—(1—-BER)", where BER is the bit error probability
concatenated coding can be reduced by using the decisionatahe output of the inner decoder ands the number of bits

the output of the inner trellis-code in the RISIC algorithmper RS symbol. The use of such interleaving is for analytical
The outer decoder uses the decisions at the output of twnvenience and better performance can actually be achieved
inner decoder after the last iteration of the RISIC algorithdoy not interleaving and exploiting the error trapping property
is finished. The channel estimates can be updated using tfieche RS code.

final decisions from either the inner or outer decoder. SinceThe threshold for satisfactory HDTV viewing is set at
the SER at the output of the outer decoder is extremely lowRER = 10~° [18], requiring a BER at the output of the
HDTV broadcasting, our simulations are only performed fdnner decoder of 8.2x 10~*. Figs. 10 and 11 show the
the inner trellis-code, while the performance of the outer cogerformance of the inner and outer codes, respectively, with
is evaluated analytically [13], [17]. M = M. Without RISIC, the result is catastrophic. With

For the 20 Mb/s data rate assumed in this paper, a total baRiSIC, however, HDTV quality can be achieved&f/N,, =
width of about 5.73 MHz is required, including overhead fot9 dB after one iteration andv;,/N, ~ 18 dB after two
a training sequence (5%), coding, and trellis termination. Thigrations whereE, represents the energy per bit. The lower
meets the 6-MHz bandwidth assigned for HDTV broadcastidmpund is achieved if the 1SI is completely removed by using a
in Japan and North America. Channel estimation is performéxhg guard interval and the channel estimates are perfect. The

G—:
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PER'’s for concatenated coding with the RISIC algorithm.
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period of our HDTV scheme is about 184s, which is
much larger than the required processing time. The overall
processing time will be larger since coding, decoding, and
convolution procedures must also be considered. Nevertheless,
implementation of the RISIC algorithm seems quite feasible
with the rapid advancements in the related technologies.

VII.

This paper has shown that residual ISI can severely degrade
the performance of the OFDM systems. A very effective
algorithm, RISIC, was introduced to cancel the residual ISI.
The RISIC algorithm is capable of removing residual ISl
almost completely on static or slowly fading ISI channels.
The proposed technique can be applied to terrestrial HDTV
broadcasting systems in order to successfully receive HDTV
signals that would otherwise be impossible to receive.

The RISIC algorithm can provide future consumers of
HDTYV receivers with two options: a regular HDTV receiver
where only a guard interval is used to mitigate the ISI, or a
more costly receiver that uses the RISIC algorithm to suppress

CONCLUDING REMARKS

(1]

(2]

_ (3]

Bit Error Rate

(4]
(5]

G—ONo RISIC
10* | o—BRISIC, 1=2, M
*—x RISIC, I=2, ™

10 15 20

Ey/N, (dB)

30 [6]

(7]

Fig. 12. Effect of usinq\71>M with the RISIC algorithm. (8]
lower bound is only about 0.3 dB better than the performancg;
of the RISIC algorithm with two iterations (see Fig. 11).

_The effect of choosinglZ > M is shown in Fig. 12. With 30,
M = 2M, the BER out of the inner decoder is almost the
same as that with’/ = M. Therefore, it is easy to choosellll
M sufficiently large for the RISIC algorithm to work, without[12]
causing much performance degradation due to noise.

Finally, the computational burden of the RISIC algorith 13]
is very high. The number of FFT operations (including IFFT
required for! iterations is2/ + 2. On the other hand, there
are very fast FFT processors commercially available in tl%l]

ISI that is longer than the guard interval.
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