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Abstract—While rapid variations of the fading channel cause In wireless environments, however, the multipath channel is
intercarrier interference (ICl) in orthogonal frequency-division  time varying because of the user’s mobility. Channel variations
multiplexing (OFDM), thereby degrading its performance con- 5y 5150 arise due to the presence of an unknown carrier

siderably, they also introduce temporal diversity, which can be . . .
exploited to improve the performance. In this paper, we first derive frequency offset (CFO). While subcarriers in OFDM are

a matched-filter bound (MFB) for OFDM transmissions over Orthogonal in the presence of a time-invariant channel, rapid
doubly selective Rayleigh fading channels, which benchmarks the channel variations over a symbol period destroy the orthogo-
best possible performance if ICI is completely canceled without nality among subcarriers, and result in intercarrier interference
noise enhancement. We then derive universal performance bounds(|C|) [14], [23], [24]. Since ICI may degrade the bit-error

which show that the time-varying channel causes most of the .
symbol energy to be distributed over a few subcarriers, and that rate (BER) performance severely [20], [28], ICI suppression

the ICI power on a subcarrier mainly comes from several neigh- has received considerable attention. By mapping symbols to
boring subcarriers. Based on this fact, we develop low-complexity a group of subcarriers, self-cancellation schemes have been
minimum mean-square error and decision-feedback equalizer proposed [1], [27], [29], [33] to render OFDM transmissions
(DFE) receivers for ICI suppression. Simulations show that |agq sensitive to the CFO-induced ICI, at the price of sacrificing
the DFE receiver can collect significant gains of ICl-impaired - . .

OFDM with affordable complexity. In the relatively low Doppler ~ SOM€ bandW|dth. Since CFO can be est|mateq gccurately [19],
frequency region, bit-error rate of the DFE receiver is close to the the CFO-induced ICI can also be canceled efficiently by com-

MFB. pensating for CFO effects at the receiver. While suppression of

Index Terms—Doubly selective Rayleigh fading, interference the CFO-induced ICl is relatively easy to implement, it is more

suppression, orthogonal frequency-division multiplexing (OFDM).  challenging to cancel the ICI caused by the Doppler spread of
the time-varying fading channel. The exact formulas of and

upper bounds on the average ICI power were derived in [14],
[23], and [24] for doubly selective fading channels; and an
RTHOGONAL frequency-division multiplexing error floor on symbol-error rate (SER) was observed in [24].
(OFDM) is a promising transmission modality toln [16], a minimum mean-square error (MMSE) equalizer was
achieve high data rates over wireless mobile channels [3dgveloped to suppress ICI, based on a polynomial model of
In OFDM, the available channel bandwidth is divided idfo the time-varying channel [4]. The ICI suppression scheme in
overlapping narrowband subchannels. The serial high-rate dgtd] is only applicable to slowly time-varying channels, since
stream is converted intty parallel low-rate substreams, whicha first-order polynomial channel model was adopted. A linear
are modulated ontdV subcarriers corresponding to tmé MMSE equalizer and a successive interference cancellation
narrowband subchannels. A cyclic prefix is inserted before eaiC) scheme with optimal ordering were advocated in [7].
transmitted data block. If the length of the cyclic prefix is equadince the number of subcarrielé is usually very large, e.g.,
to, or longer than, the delay spread of the channel, intersymi%l = 1512 or 6048 in digital video broadcasting (DVB) [26],
interference (ISI) is completely eliminated by design. Faeven the linear MMSE equalizer proposed in [7] demands very
time-invariant frequency-selective multipath channels, a simgigh computation, and it may not be feasible in a practical
one-tap equalizer can be employed to recover the transmitgstem.
symbol on each subcarrier. In this paper, we first derive a matched-filter bound (MFB)
for OFDM over doubly selective channels. The MFB for fre-
quency-selective fading channels has been extensively studied
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ergy is leaked from each subcarrier to a few neighboring subcaherery, < 71 < ... < 7p_1, andé(-) denotes Dirac’s delta
riers, and most of the ICI on each subcarrier comes from sdunction. The autocorrelation function of the WSSUS channel
eral neighboring subcarriers. Based on this observation, we vigligiven by E[h(t; 71 )h* (t + At; 72)] = ¢n(At;71)6(71 — T2)
develop a low-complexity MMSE equalizer. While the MMSH3], [21, p. 762]. In a rich-scattering environment, the angle
equalizer still exhibits an error floor on BER, a low-complexityf arrival of the received signal waveform is a uniformly dis-
decision-feedback equalizer (DFE) will be derived to collect thebuted random variable, which implies that the channel's au-
diversity, and bring the overall system performance closer to ttexorrelation function is separable in time and delay [11], [25]:
MFB. On(AL;T) = ¢ (At)d, (1), whereg (1) is the multipath inten-

The rest of the paper is organized as follows. Section $lty profile [21, p. 762]. The Fourier transform of the time-cor-
presents the signal model and the MFB. Section Il studieslation functiong;(At) is the Doppler power spectrum, which
the symbol energy leakage, and the ICI due to the Doppierdenoted byy(f). We assume the foIIowing
sprea_d. The Iow-comple_xny MMSE equallze_r and the DFE AS1: ¢,(At) = ¢u(=AL), o(f) = o(= 1), fd o(fdf =
equalizer are developed in Section IV. Simulations are provided and o(f) = 0, for |f| > fa, wheref; is the maximum
in Section V, and Section VI summarizes our conclusions.  Doppler frequency.

Notation: Superscriptd’, x, andH stand for transpose, con- The classic time-correlation function based on the Jakes’
jugate, Hermitian transpose, respectively; d@ffi denotes ex- model is ¢y (At) = Jo(2rfuAt) [11], where Jo(z) is the
pectation with the random variables within the brackets zard  zeroth-order Bessel function of the first kind; and, for the
y mod z yields the smallest > 0 so thaty = nx + z foranon- uniform Doppler spectrum, we have (At) = sinc(2f4At),
negative integen. Column vectors (matrices) are denoted bywheresinc(z) = sin(wz) /7. In the Rayleigh fading channel,
boldface lowercase (uppercase) letters. We willliséo denote h(t;rd) is complex Gaussian with zero mean and variance

the N x N identity matrix,D(x) to denote a diagonal matrix o2 .= ¢, (r,4), and {h(t;7s)}]=} are independent The
with x on its diagonal[A],,, ., to denote thert, n)th entry of channel is assumed to be normalized, i, 02 = 1. If
the matrixA, and[x],, to denote thenth entry of the vectok.  n(t) := [h(t;79), ..., h(t; 7p—1)]T, the covariance matrix of

The Matrix(F x| » := N™/%exp(—j2n(m — 1)(n — 1)/N)  n(t) is then®, := diag(cZ,...,o3_,).

stands for theV x N discrete fast Fourier transform (FFT) ma- By selecting the cyclic prefix duratio}, > p 1, the re-
trix, andf,,, denotes theuth column ofF 5. We will use Matlab ceived S|gna| after remo\/mg the Cyc“c preﬂx is g|ven7hiy)
notatlonA(m n,:)(A(:, m : n)) to extract the submatrix from () 4+ w(t), 0 < ¢ < T;, where [c.f. (1), (2)]

row (column)m to row (column)r, A(r, c) to extract a subma- oo

trix within A defined by the index vector of desired rowsrin a(t) = / h(t; T)u(t — 7)dr

and the index vector of desired columnscinx(m : n) to ex-

tract entrym to entryn, andx(r) to extract entries defined by -

the index vector. L= _g2mkTy 2wkt
2 Z Z Skh t; Td Ts e Ts (3)
k=0 d=0
ll. SIGNAL MODEL AND MFB andw(t) is complex additive white Gaussian noise (AWGN)
A. Continuous Signal Model with zero mean, and two-sided power spectral der$ity2 per
Suppose the symbol duration after serial-to-parallel (S/gbmensmn The demodulated signal on théh subcarrier is
conversion is7: the baseband carrier frequency for thgn  9VeNn by
subcarrier is therf, = k/T5, k € [0, N — 1], whereN denotes B 2t
the total number of subcarriers. The entire signal bandwidth is Ym = Ts 2 /r(t)e dt = Ty + Wi 4)
W = N/T.. The transmitted signal over a block, including the 0
cyclic prefix, is given by where1,, is a complex Gaussian random variable with zero

mean and variancd, /2 per dimension, and

1 e 2kt
= Ts 2 Ske T: ’ _711) S t< TS (1) i
1 j2mmt
> =T [t

wheresy, is the information-bearing symbol on théh subcar-

rier, andl}, is the length of the cyclic prefix. We see from (1) that Ne1D-1 T,
u(t) = u(t + Ts), fort € [T}, 0); thus,u(t) for ¢ € [T}, 0) _ 1 — 27k /h (t; Erlpohe
comprises the cyclic prefix. The duration of an OFDM symbol T, 2} dZ:O ok Ta)e 0

block with cyclic prefix isT, = T, + T,. We assume that all 0

symbols have the same enedly= E[|sx|?]. )

The doubly selective fading channel in wireless communince [, e=i2r(m=k)/T: gy — T.6(m — k), we deduce from
cations is often modeled as a wide-sense-stationary uncoi@-that the ICIis absent fi(#; 74) is constan/d over a symbol
lated-scattering (WSSUS) channel [3], [21, p. 762], with the ineriod.

ulse response given b
P P g y B. Discrete Signal Model

- Z h(t; 72)8(T — 74) ) Denote the chip duration by, := 7, /N, and selecfl,, so
o ' that N, := 7, /7. is an integer. Sampling the continuous signal
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in (1) att,, = nT,, the normalized discrete transmitted signatntries. Hence, if the channel is time invariant over a block, there

becomes is no ICI.
1 = e
w(n) := u(nT.) = — spe” N, me[-N,,N—1]. C. MEB
i ©
To derive an MFB, we suppose that only one subcarrier, say
— — _ _ T —

Let P = N ENwdl’lI‘ '_._[“(ITNII’)’ 'T"‘ﬂ;](N . Dl ths "~ subcarrierk, is used to transmit every symbol. The received
[s0,...,sv-1]", andTe, := [L,, In]", whereL, is the ma- blocky in (9) then becomes

trix formed by the lastV, rows of the identity matridy. The
P x 1 transmitted signal vectax can be expressed in a com-
pact form asu = T.,F}s. From this expression, we see that
the discrete transmitted bloak can be obtained efficiently by . . . Sy o
performing inverse fast Fourier transform (IFFT) on the symb Ihi [nstphed-ﬁlter output Is written as= hk D.(fk)FNy -

vectors h;*hy s, + v, wherev is Gaussian noise with zero mean,

. : 1 - . )
Since the signal bandwidth is limited 8, the WSSUS and varianceV ~"h,;"h;, Ny. Defining the time-correlation ma-

i — . (fT £\1/2
channel in (2) can also be modeled as a tapped delay line (TDY: as[®:]in,n := ¢u(|m—n|1:), anduy. == (£ Ra, f) N/’H, we
with random taps [3], [21, p. 762]. The delay between twBan Write the covariance matrix af, asR;, = E[hihy’] =

2@,. Suppose that the rank @, is ~, and the- nonzero eigen-

consecutive taps i§. = 1/W, and the channel coefficients at'x

theth tap are given by [3], [30] values are\;, i € [L,7]. Then,z can be expressed as =
i1 7ilhil*sk + v, whereh;, i € [1,r] are zero-mean com-

¥ ’ plex Gaussian random variables with unit variance, ane=
c(t;l) = / h(t; 7)sinc <— - l> dr n?\i/N.Ifall eigenvalues\;, i € [1,7] are distinct, the BER for

z binary phase-shift keying (BPSK) and quaternary phase-shift
D-1 keying (QPSK) can be found as [15]

Z h(t; 74)sinc <;—d — l) , Lefo,L] (7)

=0 p_li: I P (11)
where L = |rp_1/T.] + 1. Let the discrete channel 24 i (Eyyi + No)
coefficients be hy(n;l) = ¢(nT.;1l) and hy(n) =
[ha(n;0), ..., ha(n; L)]".  Defining  [Gliy1,441 = wherep; = [Ti_; ;;vi/(vi — ;) & = &, for BPSK, and

sine(rq/Te—1), I € [0,L], d € [0,D — 1], we have g = &, /2for QPSK. When some eigenvalues are identical, the
hy(n) = Gh(nT.). The covariance ohy(n) is expressed as BER can also be found, as in [15].

R, = G®:G™. We see that the TDL channel coefficients Remark 1: If the channel is fixed in a symbol period, the en-
h,(n) are generally correlated, unlessis a multiple of7.Vd, tries of ®, are all ones, and thus= 1; but when the channel
so thatG is diagonal. is rapidly varying, the rank of the Hermitian matdx, will be

SinceN,, > L, the discrete received signal after removing the > 1. This confirms the temporal diversity that becomes avail-
cyclic prefix is given byr(n) = z(n) + w(n), n € [0, N — 1],  able with channel variations. We also verify that different from
where wideband signaling schemes [2], OFDM loses the diversity in-

L troduced by the frequency selectivity of the multipath channel.
z(n) = Z ha(n;Du(n —1), ne[o,N—-1] (8) Remark 2: SinceAS1limplies that$,(0) = 1, andTr(®;) =
1=0 N, we deduce from (10) that the average received powey, of
is Pr = Tr(Rp,)/N = ni&s, where Tr() denotes the trace of

and w(n) is a complex Gaussian random variable with zerg S
. ) : the matrix in parentheses. If the TDL channel taps are uncorre-
mean and variancéV,/2 per dimension. Let the channel

. . . D-1 o i
frequency response on thgth subcarrier, at timenT,, lated, i.e.,G is d|ago.nal, therPy = &3 4= 04 = gsi VE;

L . AT and thus, all subcarriers have the same average received power.
be H(n;k) = 351 g ha(n; D) exp(—j2rkl/N) = f ha(n), However, when the channel taps are correlated, the average re-
wheref, = vVNf(1: L+1). Letx = [4(0), ..., o(N—1)]T, o =°" ) ps al ' erager

dhe — [H(0- 1 H(N — 1;k)|T. Substituting (6) into ceived powers on different subcarriers are unequal. This fact is
andhy, = | _( ' )"'A}Ll ( i )I”. Substitufi 9 : true in both time-selective and time-flat fading channels. Fig. 1
(8), we obtainx =3 ;. D(fkT)hksk’ and the received signal gy, /¢ the empirical probability distribution function (pdf) of
vectorr = [r(0), ..., r(N —1)] can bewritten as =x+w, 00 malized average received POy &,. The number of
wherew - [w(0), .. ’w(_N — 1)J°. To demodulate the SYM* subcarriers isv = 128, and the TDL channel is generated from
bols on dlﬁereNnt su~bcarr|ers,~ we perform FF:I-].an.d obt_am a two-tap WSSUS channel using (7). The delay of the first tap
}C];ais]s?igr: r;i;(e+s‘i’:1'c\(levr;ﬁ(ree)l§F? ig; a?sd :vniltsarStI”Lv(\gltr:iI:]e of the WSSUS channel is zero, and the delay of the second tap
A — 1D f* e we havex — A ﬁand becc))/ﬁ]es 9 is uniformly distributed in0, N'T./8]. The empirical pdf is ob-
[Aln.e := £, D(£ )i, we havex = As; andy tained by 10 000 independent channel realizations. In Fig. 1, the
y = As + w. 9) solid line is the empirical pdf of powers on all subcarriers. We
see that although the variations of the average received power
Sincef? D(f})1 = 6(m — k), the matrixA is diagonal if all en- are not severe, different subcarriers do have different power dis-
tries ofhy, are equal, where one denotes the vector with all-omébutions.
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45 o all subcarriers : ! ergy leakage derived from the continuous signal model is al-
4l] —* subcarrier 1 L . AR .1 most the same as that from the discrete signal model, when the
~o Subcarrier N2 | ﬁ',"n v number of subcarrierd is moderately large.

3.5_ B .. ‘. . . , fﬁ o R .
Z ! \yl . B. Lower Bound on Partial Energy Distribution for the
8 3 PR ’ 1  Continuous Signal Model
> i
Sosl : . From (5), the signal component ef on themth subcarrier
g is given by
s 2 l T,
.8 N Sk ]27r'm,rd m—k)t
‘51.5¢ 8 Tk = = /h t Td Ts dt. (16)
£ ’ TS
w = 0

1+ 7 .
Slnceh(t;Td), de [0, D — 1], are uncorrelated, the energy of
05 1 s, onthemth subcarriery, = E||%,,x|?], can be written as
D—1 Ts T
-1.5 0 . 1 _ —127rq(t1 t2)
Normalnzed average power (dB) q T2 lzo / / il ¢t h t2 dtldt2
@=Y 0

Fig. 1. Empirical pdf of the normalized average received power for correlated T, T
channels. ES —j2mq(ti—t2)
¢t tl — t2 e dtldtQ (17)
0 0

IlIl. SYymBOL ENERGY DISTRIBUTION AND ICI

whereq = m — k. Comparing (12) with (17), we see that if
A. Symbol Energy Distribution and ICI for the Discrete Signap,, = &,, andN is large i, x in (12) is approximately equal

Model to ¢, in (17), since the integration in (17) is replaced by its
The energy ofs;, leaked to thenth subcarrier can be found numerical approximation in (12). Thus, our analysis based on
as the continuous model also provides insight regarding the symbol

) B 2] T . . energy leakage of digital OFDM transmissions. Whilg ;. in
Y. = EsE [HA]’” g } = Pty D (fr) @ D(f)f;,  (12) (13) may depend on the subcarrier indexf the TDL channel
whereP;, = 72£, is the average received power gf. Since taps are correlated;, in continuous signal model is the same

[®:]m.n = ¢e(|lm — nl|T, ) (12) becomes for all subcarriers. Unde@aSl (17) can be simplified as [14]
Y = PN~ {N 2 z — n)gu(nT.) by = £, / $i(Tow) (1 = |o]) 2™ da. (18)
41
« cos [%(m - k’)n] } . (13) Usingtheidentiho:>  e~i2mie = 57 §(x—m) [22,
N p. 60], we obtain the average received powespfas P, =
The total ICI power on themth subcarrier is written as >2,~ _,, % = & Unlike the discrete signal mode®,, in the
73("’) = Jk‘;n} ¥m.1- As we discussed iRemark 2when the continuous signal model is the same forkadi; thus, the average
TDL channel taps are uncorrelatdd, = £,, V. In this case, '€ceived power on each subcarrier is identical. _
p(m) — P;, Ym, whereP; is given by [24] UnderAS] the t|me correlatlon function can also be written
' as¢i(At) = 2 [) ou(f Cos(27r fdAt f)df, whereg,(f) =
P = E,N2 N 42 _ T fae(faf),0 < f <1,and2 fo ©on(f)df = 1isthe normalized
! ; { Z n)g:(nTe) Doppler spectrum Plugglngf(At) into (18), we have
2 (m — k)n
X €08 | ——— | ¢ (14) v, —45 on(f) cos(2m f4Ts fx) cos(2mqx)(1—z)dxdf.
WhenP;, = &, Vk, the total ICI power is equal to the symbol (19)
energy leaking to all other subcarriers; thus, we have Integrating with respect to, (19) reduces to
Pr=E& — Yrx , 1 i
[N+ 253 (V = n)n(aT) b= 57 [ a1
=& 1- 2 . (15) 0
X + } df. (20)
Note that (15) can also be obtained from (14) using the formula [(de f+a)?  (falsf —q)?

Zk 5 COS[QW(m k)n/N] = 0. While (13) and (15) can be Using (20), the energy of;. distributed to subcarriefs— @ to
evaluated numerically, they do not provide insights regardirigt ¢ can be expressed as

the symbol energy leakage and ICI. This motivates us to study I

the symbol energy leakage, and the resulting ICI based on the Uy = Z g = 2&; / on(f)Co(f)df (21)
continuous signal model. We shall see later that the symbol en- =—Q 5
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w
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-o fdTs=0.1, exact, continuous (/ i i
, , g universal bound Li
+ fdTs=0.1, exact, discrete 251 ’,*/ A ] i universal bound 2
0.8 o : ....| = fdTs=0.3, low bound il : —— exact ICl, CFO=fd, discrete
-& fdTs=0.3, exact, continuous _30 —a— universal bound 1 H
* Iﬂsigg Iex':-l(i)t, discrete -6 exact ICI, classical, continuous
‘ —v— fdTs=0.9, low bound _35H : -+ exact ICl, classical, discrete
0.75 o s =0 fdTs=0.9, exact, continuous || ) -= exact ICI, uniform, continuous
. x__fdTs=0.9, exact, discrete ] -* exact ICI, uniform, discrete
40 I 1 I ! T T T T
0 5 R 10 15 S0 01 02 03 04 05 06 07 08 09
d's

Fig. 2. Normalized symbol energy distribution.
9 4 9y Fig. 3. Comparison of exact total ICI power and universal upper bounds.

where ICI analysis in this and the next subsection. Sifge= &,, Vk,
Co(f) = n 2 sin®(n foT ) in the case of infinite subcarriers, the ICI power on itie sub-
’ carrier is equal to the power of, leaking to other subcarriers,

Q .
) | FaTuf) ™2 + S (falof +9)72 + (faTuf — 2| . Which can be found as

q=1

1

(32)  Pr=E.— =2, / on(F) [1 = sinc?(faTo )] df. (24)
0

Sincep,, > 0,2 [ on(f)df = 1, extending the convex . . .

combiﬁa’gi];)n iﬁequalift(;/ <[Plo(f3 J;SS] e imegrgal case. we obOr the continuous Doppler spectrum induced by mobility, a

tain a universal lower bour;d Oh /€, as ' universal upper bound on ICI can be found by applying the
q s

Cauchy-Schwartz inequality to (24) as

£ >minCe(f), 0<f<1 (23) by _ Es Jo [1=sinc® (faT.f)]" df

Es PI 1
. 2
and the normalized Doppler spectrum achieving this lower Jo [t = sinc®(fuTs f)] df

bound isg,,(f) = [6(f — fin/fa) + 6(f + fu/fs)]/2. where and the normalized Doppler spectrum achieving - this

f = arg;minCo(f), 0 < f < 1. An upper bound on upper bound isp,(f) = ((1 — sinc®(faZsf))/(2 [y [L -

U, /€. can also be derived by applying the Cauchy—Schwartimnc?(foZ% f)]dt)).

inequality [9, p. 1054] to (21). This bound can be used to checklf the ICl is caused by an unknown CF@gro, which can

the tightness of the lower bound (23). However, since it e viewed as a random variable[ih f,], the conditional nor-

not pertinent to our investigation of the total ICI power or thghalized Doppler spectrum ig,,(f) = [6(f — fcro/fa) +

ICI suppression schemes developed in Section IV, we will ndtf + fcro/fa)l/2. If f4Ts < 1, thenP; is maximized when

derive this upper bound. foro = fa, sincesinc?(f4T.f) is a decreasing nonnegative
The exact normalized symbol energy distributiéyy /P, function for f € [0,1]; thus, an upper bound oR; can be

and its lower bound given in (23), are depicted in Fig. 2 fowritten as

different normalized Doppler frequenciegT,. The Jakes’ plub2) _ {55 [1 _ Sincz(des)] T <1 (26)

Doppler spectrum is used for calculating the exact symbol I & faTs > 1.

energy dis_tribu_tion. In the discrete signal model, the numberthe exact normalized ICI power for the Jakes’ and uniform
of subcarriers isV. = 128. We see that the results for thepgppier spectra, along with the upper bounds (25) and (26), are
discrete signal model match well those of the continuous S'grd?éplayed in Fig. 3. The exact ICI power in the discrete signal
model. Whenf,T; = 0.1, more than 98% of the,’s energy mqgelis calculated from (15) usiny = 128; and (24) is used
is distributed on thekth subcarrier, and its two neighboringy, compute the ICI power in the continuous signal model. We
subcarriers. If the Doppler frequency increases, more symi@l {hat the ICI power in the discrete signal model matches very
energy leaks to neighboring subcarriers. Whigi, = 0.9, el that of the continuous signal model with an infinite number
more than 95% of the symbol energy is spread over niRg s hearriers. The universal upper bound in [14], denoted by
subcarriers. universal bound Li, is also shown in the figure. Itis seen that our
. . universal bounds are much tighter than the bound given in [14].
C. Upper Bound on Total ICI for the Continuous Signal Mod&t o mnaring the universal bounds (25) and (26) reveals that for a
The ICI power for finitelVhas no significant difference from given maximum Doppler frequendy;, the largest ICI power is
that for infinite V [14]; thus, we assume thaf is infinite inthe caused by a deterministic carrier frequency offsgtat, = f4.

(25)
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frequency is low, it is far above the lower bound when the max-
imum Doppler frequency is high. This is somewhat surprising,
since as we discussed before, there is more energy leakage when
the maximum Doppler frequency is high. However, since Fig. 4
shows the partial ICI power normalized by the total ICI power, it
is possible that when the maximum Doppler frequency is high,
the subcarriers close to the subcarrier of interest contribute a
high percentage to the total ICI power.

IV. ICl SUPPRESSION

MMSE and SIC receivers were developed in [7] for sup-
pressing ICl in OFDM based on all FFT output samples. Since
the number of subcarrierd is usually very large, these re-
ceivers have very high complexity. In this section, we will ex-
ploit the fact that most of a symbol’s energy is distributed to
a few subcarriers, and the ICI on a subcarrier mainly comes

Fig. 4. Comparison of exact partial ICI power and the universal lower bounH.Om several nelghbormg subcarriers to deve|0p Iow—complexny

D. Lower Bound on Partial ICI for the Continuous Signal
Model

The ICI on thekth subcarrier from the subcarrieks— 1 to
k—Q,andk +1t0k+ Q,is Pro = 22(1@:11/;q. In the
following, we shall derive a lower bound af; /P, when
faTe < LoLetéy := 1/(faTof + q)* + 1/(faTsf — q)* =
2[¢% + (faTs£)?)/[a* — (f41.£)?)?. Sinced < f,1.f < 1, we

have¢, > 2/¢% andé, < 2(¢>+1)/(¢*> = 1) = (¢ = 1)7° +
(¢+1)72, ¢ > 1. From (20), we have
@
Pro>4e) — =4eS(Q) (27)
q
q=1

where e = 772, [ gu(f)sin’(nfaTuf)df, S(Q) =
Y2, 1/¢%, Q = 1,2,..., and S(0) — 0. Defining
Prg:==Pr—Prg=2 > e +1%q, We obtain
Pro<2 Y [(a=)7*+@+1)7°], @>0. (28)
7=Q+1
Since)"~, 1/¢” = 7°/6 [9, p. 8], (28) becomes
2

Pro <2 [% —S(Q-1)-S(Q+1)]. (29
Combining (27) and (29), we have

Pra 25(Q) =9, (30)

Pro” & -5Q-1)-5Q+1)
A universal lower bound on the normalized partial I€},q, is
then found from (30) as
Pr g 19
Pr T (1+9)

. (31)

[
This universal bound does not depend on the Doppler spectrum,

and the maximum Doppler frequengy, as long asfy7s < 1

is satisfied. The exad®; , /P; for the Jakes’ Doppler spectrum
and the universal lower bound are depicted in Fig. 4. From t
lower bound in Fig. 4, we observe that more than 90% of the ICI
power comes from 12 neighboring subcarriers. While the exact
IClis very close to the lower bound when the maximum Doppler

MMSE and DFE receivers.

A. Low-Complexity MMSE ICI Suppression

Suppose we are interested in detecting the sympol et
K = 2Q + 1, and define aK x 1 vector with theith entry
prli = [(k—Q —1+4i) mod N|+1,i =1,...,K. Let
Vi .= ¥(pr), Ar = A(py,:), andwy, = w(p,,). From (9), we
have

Yi = Ags + Wy (32)
The MMSE receiver for detecting, based on (32) isn;, =
R, 'pi, whereRy, = Ely,yl] = E,AL A+ NoI, andpy, =
A, (:, k). The parameteK can be chosen to tradeoff between
the performance and the complexity. According to our analysis
in Section IV, we can seled < N, while still being able to
suppress ICI effectively. To detedf symbols, we should find
N MMSE receiversnyg, k € [0, N —1]. The major computation
involved for eachk is in calculating the covariance matiX;,
and its inverse. Since the firaf — 1 rows of R, are the same
as the last{ — 1 rows of Ry, we can recursively calculate the
inverse ofRy, which greatly reduces complexity.

If we partition Ay, into A, = [a;, AJf]™, thenR, can be

written as
Ry = [9k 95}

6, O, (33)

Whiereﬂk = Ssafak + Ny, 6, = SSAkak, and @, :=
EsALAT + Nolx_;. Let the inverse oRy, be
H
R!— Vk,11 Vi 21
k |:Vk,21 Vi 22

wherevy, 11 is a scalaryy 12 is a(K — 1) x 1 vector, andV, 22
sa(K — 1) x (K — 1) matrix. In the Appendix, we show that

(34)

H
Vi A%
07 = Vion — k21 k21 (35)

Vk,11
e partition Ay 1 into A1 = [A)f a,41]", we have

e, 0
Ry = [~ g k+1}

H - (36)
0k+1 9k+1
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Where§k+1 = Esé}jﬂékﬂ + N, and§k+1 = E,Arapy,. ands, = s(e(nr+1: N)+1).Ifwe also rearrange the columns

Let Byr == (ng _é::_lelzlék_i_l)—l, brs1 i= _9;15k+1_ of A,, to obtainA,,, = A,,.(:,0 + 1), the firstK' — 1 rows of

In the Appendix, we prove that Akﬂ are the same as the lakt — 1 rows ofAk,_ except that

0! + by b Brr1 brotfiss the f!rst column ofAk is remoyed. Baseq on this fact., we can
R, =| " L +3 ko1 Pkt ; + (37) modify the recursive method in the previous subsection to find
k1 5k+1 Br+1 the MMSE DFE receiver fosy,.

Hence,R,j,j1 can be computed froan_,l through 9,:1, as We partition the matrixA ;. in the same manner as we par-

in (35). While our recursive MMSE receiver is reminiscent ofitioned A ;. With slightly misusing the notation, we still de-

a sequential MMSE estimator [13, p. 392], they are differembte the covariance matrix §f. asR, which is partitioned in

from each other, since they are derived from two different signg@3). Now, we writeA;; asA,; = [Bzﬁrl ar41]’, where

models. Bri1 = A(:,2: N—ny). Notethatthd K —1) x (N —ng—1)
Calculating®; ", br41, andf.11 requiresO(K?), O(K?), matrix By, contains the lastV — n; — 1 columns of the

and O(K) operations, respectively; the computationfgf.; (K —1) x (IV —ny) matrix A. The covariance matrix gfy. 1,

is O(N), andf;4, is O(NK). Hence, the major computationR,, 1, is expressed as

to obtainR; |, is in calculatingdy,1. To find Ry, we need Ori1 Opis

O(NK?) operations to calculaf®, andO(K?) operations to Rit1 = [ 7t } (38)
invertR. Therefore, the total computational complexity for de- - k1 Tkl .

tecting an OFDM block i€)(N2K). On the other hand, usingWhere €1 == &Bi1BiYy + Nolx—1, Ok =
an MMSE receiver based on the whole blockin (9), as suggestad,’1ar+1 + No, and 41 = &EBpiiaps. Letting

in[7], requiresO(N?) operations. Sinc& < N, the computa- a; := Ax(:,1), we have®; ., = O, — Esapall. The inverse
tional complexity reduces substantially. While we can decreas®,,; can be found using the matrix inversion lemma [10,
K to reduce complexity, the performance may degrade whenp. 19] as
is very small. To improve the BER performance while retaining o o-! H
low receiver complexity, we develop a DFE receiver in the next ~—1 1 ( k ak) ( k ak)

- 0,11 =06; +
subsection.

. 39
(& - a0, o) 9
B. Decision Fee<_jback ICI Cancellation | Letting Brr1 == (Gt — 97@119;19“1)_1, andby,; =
Thg DFE receiver has WeII-do_cumented merits for channg@;ilgkﬂ, we can computeR,;il from (37) by replacing
equalization and multiuser detection (MUD) [21], [31]. In [31],,_1
the DFE MUD for synchronous code-division multiple access* ) i
(CDMA) over Gaussian channels was investigated systematitlatingdy. 1, which requiresO((K — 13\§N_"k))’ wherek =
cally, where it was shown that the DFE outperforms the line#ln.» @ndny =1,..., N —1.Since}_,_, n = N(N —1)/2,
detector for every user. Our signal model in (9) is essentiafffe complexity of the DFE receiver @(N?K), whichis in the

the same as the signal model for synchronous CDMA [31], if wiame order as that of the MMSE receiver. o
view the symbok;, coming from a virtual use, andA (:, k+1) After the MMSE DFE receiver makes tentative decisions on

as the spreading code of userGenerally speaking, we canV symbol;, we can use parallel interference can_c_ellation (I_DIC)
apply any of the DFE options in [31] to the signal model (g)tp further |mpr2\ﬁ the BER performance. Spemﬂca_lly, letting
However, it requires a large computation to optimally or subop* = Yk — Engg Ax(:;m + 1), the decision variable for
timally find the detection order for the DFE receiver [31]. Sincey. IS z, = AZF(:, k + 1)y. This PIC procedure may iterate
our objective here is to develop a low-complexity DEF receivemore than once to enhance the BER performance. Since each
for ICI suppression in OFDM, we will not pursue any sophistiPIC iteration require€)(N?) operations, using PIC iterations
cated ordering. here will not significantly increase the complexity relative to
We first find the symbol with the largest energy by orderinthe original MMSE DFE, which require®(N2K') operations.
the norm of the columns AA. Suppose that,, has the largest o
symbol energy. Starting from theth subcarrier, we detect sym-C- Channel Estimation
bols successively, either in the forward or the backward order.The MMSE and DFE receivers require channel state infor-
Supposing we detect symbols in the forward order, the detenation (CSI). If we use pilot tones to estimate the time-varying
tion order iSs,,,...,SN—1,50;---,Sm—1. We use an MMSE channel, the channel estimator itself suffers from ICI. Here,
receiver based on the signal vecyor given in (32) to detect the we multiplex pilot symbols with the OFDM blocks in the time
symbols,,,. For detecting symbols;,, k& # m, we reconstruct domain to facilitate channel estimation, as proposed in [7]. It
the signal vectors of the previously detected symbols, and thgas shown in [6] that when the space between two consecutive
subtract them from the received signal vegtgrLettings,,, de- pilot symbol blocks is less thah/(2f;), the MMSE channel
note the detected symbol ef,, and[g]; := (m+i—1) mod N, estimator incurs a very small estimation error; and the BER
i=1,...,N,we havey; :=y, — > ;% Au(:,[0]i + 1)3},, degradation using the estimated CSI is negligible. If we insert
wherek = [g]2,[0]3, .., [0ln, nx = k —m, k > m, 0orn, = a pilot symbol block of lengt¥},; every N,; OFDM blocks,
N —m + k, k < m. Assume that all previous symbols are dethen we should choos¥,,; and T, such thatN,T;, + Tps <
tected correctly; i.e 5y, = s[g),, % € [1,74], ¥& is found from  1/(2f,). On the other hand, onc¥,,, and 7}, have been se-
(32) asy = a8, +Wwy, whereA, = A, (:, p(np+1: N)+1), lected, the normalized Doppler frequency shouldfbe, <

LAl . . , L
with ©, , ;. The major computation to flnR;il is in cal-
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Fig. 5. BER comparison, uncorrelated channel, perfect €S, = 0.05. Fig. 7. BER comparison, uncorrelated channel, perfect &S, = 0.3.
T T T T T T
B e S S s ST ..4  TDL channel taps are then generated using (7). In the DFE de-

tection, we use two iterations.

Test Case 1 (uncorrelated channel and perfect FSdjs. 57
compare the BER performance of the MMSE and DFE equal-
izers for different Doppler frequencies. The theoretical BER for
i the flat Rayleigh fading channel, the theoretical MFB calcu-

4 lated from (11), and the simulated MFB are also displayed in
1 these figures. From the MFB, we see that the time variations of
the channel introduce temporal diversity, which increases as the
Doppler frequency becomes large. While the BER performance
of the MMSE equalizer improves as the number of the equalizer
tapsK increases, it still exhibits an error floor at high/Ny.

The DFE equalizer outperforms the MMSE equalizer with the
5|l _+ MF bound. simulation . same number of taps. However, the one-tap DFE still has poor
0 5 10 15 performance, even when the Doppler frequency is as low as
E/N, f4T, = 0.05. The five-tap DFE equalizer exhibits considerable
performance improvement over the one-tap DFE equalizer, and
its BER curve is close to that of the 25-tap DFE equalizer. The

: . small gap between the MFB and the BER of the five-tap DFE
T /[2(Nps T + Tps)). If the system is required to operate Whe%qualizer shows that we can suppress ICI effectively, and im-

faTs 2 Ts/[Z(NPSTb + Tps)), we ne_:e_d to con_S|der alternatl\{e rove the BER performance significantly with a low-complexity
channel estimators, or we should jointly design the transmit FE equalizer

and receiver as in [17] to collect the temporal diversity without Test Case 2 (correlated channel and perfect €88 dis-

suffering from ICI. cussed in Section Il and shown in Fig. 1, the correlation of the
channel taps causes unequal average received power distribution
among different subcarriers. In this example, we test the impact
In this section, we test the MMSE and DFE ICI suppressiaf the channel correlation on the BER performance. Comparing
schemes via computer simulations based on the discrete sidfigl 8 with Fig. 6, we see that BER in the correlated channel
model. The number of subcarriers is chosen tdbe 128, and is almost the same as that in the uncorrelated channel, which
the length of the cyclic prefix &/, = N/8. QPSK constellation suggests that the channel correlation caused by the bandlimited
is adopted, with bit energg, = £,/2. We simulate a two-tap signaling has no major effect on the BER performance.
WSSUS channel with an exponential multipath intensity profile, Test Case 3 (uncorrelated channel and estimated:QSthis
i.e.,02 = exp(—d/D)/ Zfz’ol o2, D =2,andd = 0,1. Each test, the channel is estimated using pilot symbols, and the BER
channel tap is a complex Gaussian random process indepershown in Fig. 9 withf; 7, = 0.3. To ensure that the rate of the
dently generated with the Jakes’ Doppler spectrum. The delaijot blocks is higher thatf,; /2, every OFDM block is followed
of the first tap is zero. In the uncorrelated channel case, the detpya pilot block of lengt27,,. Notice that we have used the
of the second tap is generated from the{gét 27, ..., N, 7.} least number of pilot blocks to guarantee the performance of
with equal probability; in the correlated channel case, the delthe channel estimator. The throughput loss incurred by the pilot
of the second tap is uniformly distributed (0, N, T.], and the blocksis2T,/(Ts +T,). For a given data rate, it is possible that

—— 1tap

- 1tap DFE

—4— 5 tap MMSE
10} - 5tap DFE
—o— 25 tap MMSE
-0~ 25 tap DFE S
— flat Rayleigh fading, theory | "

-& MF bound, theory

Fig. 6. BER comparison, uncorrelated channel, perfect €3I, = 0.1.

V. SIMULATIONS
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1o We also showed that most of the symbol energy is distributed
over a few subcarriers; e.g., whegpl’; = 0.3, more than 90%
""" of the symbol energy is spread over three subcarriers. These re-
. sults motivated our development of low-complexity MMSE and
10 DFE receivers for ICI suppression. While the low-complexity
MMSE receiver exhibits error floor, the DFE receiver can col-
- lect the temporal diversity, and its BER performance comes
107 X T close to the MFB at relatively loyi, 7. As a by-product of our
: a MFB study, we showed that the channel correlation causes un-
—zj 1 ::p o | 9% e equal average received power distribution among different sub-
1074l - 5tag MMSE . _&_\ .1 carriers, and this effect has no significant impact on the BER
“- Stap DFE Sm B performance.
—e— 25 tap MMSE PIR
-©- 25tap DFE Y
— flat Rayleigh fading, theory N
0 5 10 ENEES 25 30 OOF OF(35)
b Applying the inversion formula for a partitioned matrix [10,
Fig. 8. BER comparison, correlated channel, perfect @I, = 0.1. p. 18] toRy in (33)’ we obtain
-1
: : : : 0.6
B . Vi = [ O — —~ (40)
10 \‘.ll.\ R T : ] ek
oo R o <
SN Vi, 220k
. EL\\ y Vk,21 - - (41)
GL\ 4 Hk
-2 N
10 s : 1\
P Vg1 = Hk — 0k @k 0k (42)
- Using the matrix inversion lemma [10, p. 19], we have
5 10” SR Hi —1 —1 —1 H
e TG Vi =0, + vk (Gk 9k) (ek 9k) .43
—— 1t TN B _ . .
©- niﬁ DFE | AN R Plugging (43) into (41), we obtain
107 —&— 5tap MMSE . RN 1
- Stap DFE BN O Vi1 = —Uk 1105 Ok. (44)
—o— 25 tap MMSE N RN ’
©-25tapDFE N Combining (42), (43), and (44), we find®;" =
— flat Rayleigh fading, theory 5 H
10°H -= MF bound, theory G A 4 Vk,22 - Vk,21vk,21/vk,11- O
0 5 10 15 25
E/N, PROOF OF(37)

Fig. 9. BER comparison, uncorrelated channel, estimated G$1, = 0.3.

Similar to computing (41)—(43), we can firRl,;i1 given in
(37).

T, > T, if the number of subcarriers is large. In this case, the
throughput loss is very small. When the Doppler frequency is
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