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Adaptive Antenna Arrays for OFDM Systems
With Cochannel Interference

Ye (Geoffrey) Li, Senior Member, IEEEand Nelson R. Sollenbergefellow, IEEE

Abstract—Orthogonal frequency-division multiplexing (OFDM)  sensitive to the channel statistics compared Wiener or MMSE
is one of the promising techniques for future mobile wireless estimator.
data systems. For OFDM systems with cochannel interference, Adaptive antenna arrays [10]-[14] have been successfully

adaptive antenna arrays can be used for interference suppression. h . . . .
This paper focuses on a key issue for adaptive antenna arrays, used in TDMA mobile wireless systems to mitigate rapid

that is, parameter estimation for the minimum mean square error dispersive fading, suppress cochannel interference, and, there-
(MMSE) diversity combiner(DC). Using the instantaneous corre- fore, improve communication capacity. For systems with flat

lation estimation approach developed in the paper, aroriginal  fading, the direct matrix inversion (DMI) [10], [11] or the
parameter estimatofor the MMSE-DC is derived. Based on the diagonal loading DMI (DMI/DL) [12] algorithm for antenna

original estimator, we propose anenhanced parameter estimator di it b dt h desired si | i d
Extensive computer simulation demonstrates that the MMSE- Iversity can be used to enhance desired signal reception an

DC using the proposed parameter estimators can effectively SUppress interference effectively. The DMI/DL algorithm [13],
suppress both synchronous and asynchronous interference in[14] can be also used for spatial-temporal equalization in

OFDM systems for packet and continuous data transmission. TDMA systems to suppress both intersymbol and cochannel
Index Terms—nterference suppression, MMSE diversity com- interference.
biner, mobile wireless channel, parameter estimation. In this paper, we study the use of adaptive antenna arrays
in the OFDM systems to suppress cochannel interference.
The difficulty of adaptive antenna arrays for OFDM systems
stems from the fast change of parameters for the MMSE-DC
RTHOGONAL  frequency division — multiplexing pecause OFDM systems have much longer symbol duration
(OFDM) [1]{5] is one of the promising techniques forthan that of single carrier or TDMA systems. Hence, the
achieving the high-speed data rate required in future Wir6|q§§rameter estimation approaches for TDMA Systems [12]_[14]
data systems. OFDM increases the symbol duration Bye not applicable to OFDM systems. Our investigation here,
dividing the entire channel into many narrow subchannels afitbrefore, emphasizes the parameter estimation for the MMSE-
transmitting data in parallel. Therefore, it is one of the mo$iC for both packet and continuous data transmission.
effective techniques for combatting multipath delay spreadThe rest of the paper is organized as follows. Section Il
over mobile wireless channels. For OFDM systems Witflescribes adaptive antenna arrays for OFDM systems with
cochannel interference, adaptive antenna arrays are desiradehannel interference. Section il introduces a basic approach
These require that the parameters for thénimum mean to estimate the instantaneous correlation required to calculate
square error(MMSE) diversity combiner (DC) be estimated.the parameters of the MMSE-DC. Next, Section IV develops
For OFDM systems without cochannel interference, channgiproved approaches for channel parameter and instantaneous
parameter estimation [3], [6]-[9] has been investigated rrelation estimations, which, therefore, enhance the param-
improve system performance by allowing for coherent deter estimator for the MMSE-DC. Finally, Section V presents
modulation. Moreover, for systems with receiver diversity, thextensive computer simulation results to demonstrate the ef-

maximum-ratio (MR) DC, which is equivalent to the MMSE+ectiveness of adaptive antenna arrays for OFDM systems.
DC in this case, can be obtained using estimated channel

parameters. In [7] and [8], a channel estimator for OFDM

systems has been developed based on the singular-valudl: OFDM SYSTEMS WITH ADAPTIVE ANTENNA ARRAYS
decomposition or frequency-domain filtering. Time-domain In this section, we first introduce the mathematical model of
filtering has been proposed in [3] and [6] to further improve th@FDM systems with receiver diversity and then describe adap-
performance of channel estimators. In [9], we have studiedige antenna arrays for systems with cochannel interference.
robust channel estimator for OFDM systems based on both the

time- and frequency-domain filtering. This estimator is not 8 OFDM Systems with Receiver Diversity
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bln, k) a[n, ] L assume thatd'?[n, k]'s for different m’s or I's are inde-
— RS mo'du?auon:""’”T IFFTT - pendent, stationary, and complex Gaussian with zero-mean,
: ‘ but different variances?. Hence, fori, j = 1, ---, p and
@ L,l=0,---,L

MMSE-DC

E{H§“>[n + 1, k4 ki HY [, kl]}

B {0127’[{[71, K, ifi=j;=1I,
o, otherwise.

@)

It has been demonstrated in [9] that for time-varying dis-
persive, Rayleigh fading channels

parameter
estimator

for mmse-dc | @[n, k] rH [n, k] =7 [n]7 f[k] (4)
Fig. 1. OFDM system with the MMSE diversity combiner.

that is, the correlation function of the channel frequency

responses can be separated into the multiplication tihe:

phase shift of each subchannel can be recovered by meanga@hain correlation[rn] and afrequencydomain correlation

the MMSE-DC, coherent phase-shift keying (PSK) modulatior [%]. r;[n] is dependent on the vehicle speed or, equivalently,

is used in the system to exploit an about 3-dB SNR advantagre Doppler frequency [15], whiles[k] depends on the delay

over differential PSK (DPSK). profile of the wireless channel. With théeparation property,
Let the entire channel bandwidth be divided ifasubchan- we are able to simplify our instantaneous correlation estimator

nels and the OFDM block length 8. For p-branch receiver described in the next section.

diversity systems with cochannel interference, the received

signal from themth antenna at thé&th tone of thenth block g, Adaptive Antenna Arrays for OFDM Systems

can be expressed as For OFDM systems without cochannel interference [9],

Tmln, k] = Hf,? [n, k]so[n, k] + vm[n, k] (1) the MR-DC can be obtained with knowledge of the channel
parameters only, which is equivalent to the MMSE-DC. How-
forall n andk = 0,1, ---, K — 1, whereso[n, k] is the ever, for OFDM systems with cochannel interference, both

desired data from the transmitter at the corresponding blogie instantaneousorrelation of the received signals and the
and tone HY [n, k] is the frequency response for the desiredhannel parameters for the desired signal have to be known
signal from themth antenna at the corresponding block antb obtain the MMSE-DC.
tone, andv,, [, k] includes additive complex white Gaussian Letr;;[n, k] be the instantaneous correlation of the received
noise and cochannel interference. signals from theth and thejth antennas corresponding to the

If an OFDM system hasL cochannel interferers, thensame block and tone, defined as

vm[n, k] can be expressed as A
rijln, k] = Edzi[n, klz}[n, k]}
L

L
Umln, K] =Y HOn, Klsiln, K]+ nw[n, k] (2) _ O, 150 T 114 280
; =>" H"[n, KH;" [n, k] + 0?6 — 5] (5)
=0
where H\[n, k]'s for I = 1,2, ---, L are the frequency where E, is the conditional expectatiorgiven the channel

responses corresponding to thle cochannel interferer at theparameters corresponding to both the desired signal and inter-
mth antenna at the corresponding block and tongy, k|'s  ference. Withr,;[n, k]'s and H”'[n, k]'s, the parameters of

for I = 1,2,..-, L are the complex data from th&h the MMSE-DC can be calculated by the DMI/DL algorithm
cochannel interferer, and,, [, k] is the additive complex [12] as

white Gaussian noise, with zero-mean and varianefrom .
the mth antenna. win, k] = (Rln, k] ++0) " HO[n, k] (6)
Note that, in the above discussions, we have assumed that

cochannel interferers and the desired signal are synchroniy4ifrel is ap x p identity matrix, R[n, £] is ap x p matrix
to simplify the analysis, even though it is not necessarily rfigfined as

for wireless networks. However, the effects of synchronous ruln, kK] rieln, K] oo ripn, K]
and asynchronous interference on the system are similar, as a | rln, kBl raoln, K] - rapln, K
shown by the simulation result in Section V-E. We have also R[n, k] = . . . 7
ignored the effects of timing and frequency offsets on the ' ' '
system by assuming that they have been well taken care of rpulns Kl rpa[n, K] rppn, K]
by using timing and frequency estimation. Ofp. klis a 1 vector defined as
In this paper, we assume that both the desired and interferllgg [n #] px
data areindependent, identically distributef.i.d.) complex () A (0) (o) T
random variables with zero-mean and unit variance. We also H VI, k] = (H1 [, K], - Hp I, k]) (8)
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and~ in (5) is a diagonal loading factor that can be determinexhd
by the strategies discussed in [12]-[14]. As indicated in [12], A .
diagonal loading here will prevent the singularity due to the pijlm, 1] = E(rijln +m, k+ 1[0, k). (17)
matrix inversion and improve the performance of adaptierom the Appendix, (16) and (17) can be written as
antenna arrays.

With the parameter vectow[n, k], the desired signal can pijlm, 1] = cose[m]s[l] + c16[i — Jj] (18)
be estimated as

and
yln, k] = w'[n, Klx[n, k] ©)  o,[m, 1] = cosi[m]s[[] + (c1 — co)[m, 1] + c18[i — 4] (19)
wherex[n, k] is the received signal vector defined as where
/ A A

x[n, k] 2 (z1[n, k], z2[n, &), -+, zpfn, kDT, (10) sfm] = r[m]|* sy = 17 (20)

L L 2
I1l. | NSTANTANEOUS CORRELATION ESTIMATION ¢ = Z of and ¢ = <Z ai + 02) - (21

=0 1=0

As indicated in Section 1I-B, to obtain the parameters for the ) ) ) ]
MMSE-DC in OFDM systems, both the channel parameters Equation (15) can be written in matrix form as

and instantaneous correlations of the received signals have to 0
be estimated. We have already developed a robust channel > 0ilm —myFijlma] = Pij[m] (22)
parameter estimator in [9]. The robust channel parameter mp=—00

estimator makes full use of the time- and frequency—doma\}ghereFij [m], Oy;[m], andP;;[m] are as shown in (23)(25)
correlations of channel parameters, and therefore, it is ablegioihe hottom of the next page, whelids a K x K identity
estimate channel parameters under low signal-to-noise ra{gatrix, E is a K x K matrix with all elements being one, and
Hence, we focus on the instantaneous correlation estimatig)rg is a K x K matrix defined as shown in (26) at the bottom

here. of the next page.
Using the discussions in [7]-[9] and the property of the
A. Configuration of Estimator discrete Fourier transform (DFT) [17]
Since r;;[n, k|'s are correlated for different blocks and S; = WAWY 27)
tones, the MMSE estimator for;;[n, k] can be constructed
by where W is a DFT matrix defined as
“+oo k—1 é 1
Pl kK= >0 > fylm. L Eiln —m, k1] VK
m=—00 I=—(K—k) 1 1 e 1
(11) 1 ei@n/K) L —a(@r(K-1)/K)
where f;;[m, [, k]'s are selected to minimize 1 .
MSE({f[m. I, k]}) = E|#i;[n, k] — rij[n, K]I*  (12) 1 e—o(@r(K—1))/K) ... o=a(@x(K—1)(K—1))/K)
(28)

and7;; is the temporal estimation of the instantaneous corre-
lation between the signals from thth and thejth antennas and A is a diagonal matrix with elements

defined as 1
with @ denoting the circular convolution with modulf,
Using theorthogonality principle[16], the f[m, [, k]'s are g,’s being the eigenvalues of the nonnegative definite matrix

determined by Ry = (rg[i — j])5_,. Note that
E{(fu[n, k] — rij[n, k])ffj [n—m, k— l]} =0 (14) K-1 K—-1
Yoa=Tr{S;p=) " Is0P =K  (30)
foril=—(K—-k), -, (k—1)andm =0, £1, +2, ---, or k=0 k=0
equivalently where Tr{X} is the trace of the square matriX, defined
+o0 k-1 as the summation of its diagonal elements. According to [9],
Z Z fijlma, L, Klog[m — mq, 1 = 4] for a channel with a maximum delay spread d;, = 0 for
mi=—00 lj=—(K—Fk) k > K, (=[(ta/T5)K]), where [z] denotes the smallest

=pijlm, 1] (15) integer larger tham. Hence,a, = 0 for K, <k < K — K,,.
Thus,P;;[m]'s and O;;[m]|'s for m = 0, £1, £2, --- can
where be simultaneously diagonalized BY¥ into

oii[m, 1| 2 EFiln+m, k+1750n, k) (16) P;;[m] = WD, [m]W¥ (31)
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and and
0jj[m] = WD, [m]W" (32)  do,k(w) 2 F{do,alml}
=ay +(c1 — co) + 27K 8[i — 5]6[k]6
whereD,[m] and D,[m| are diagonal matrices with aicose(w) +(c1 = co) - 2mKeadli = J10(K] ((jz))
dp w[m] = arcosi[m] + Kci6[i — j16[k] o (33) respectively.
do, k[m] = arcosi[m] + (c1 — co)é[m] + Kc18[i — j]6[K] Therefore, the parameter;[m, [, k|'s for the MMSE
(34) estimation ofr;;[n, k] are determined by
respectively. Fij(w) = 0;;'(w)Py;(w) = WU (w)WH (41)
Equation (22) can be also expressed in the frequency dom\?vilqeretlf(w) is a diagonal matrix with
as
B arcost(w) + 2mK e 6(w)é[i — j16[k]
0ij(w)Fij(w) = Pij(w) (35) k)= arcost(w) + (c1 — co) + 27K c16(w)d[i — 4]0[k]
where (42)
A 2 ‘ From (33) and (34), there are dc components contained in
Fijw)2 Y Fylmle ™ (36) bothd,, x[m] andd,, x[m] wheni = j, which causes); (w) in
m=—00 (42) to be discontinuous at = 0. If the discontinuity ofy»(w)
A e = atw = 0 is ignored by letting(0) = lim,,_o % (w), then the
Pij(w) = Z Pijlmle™™ = WD, (W)W (37)  4¢ component in;;[n, k] is affected. However, the diagonal

- loading algorithm for diversity combining can compensate for
0,;(w) A Z O;;[mle™™ = WD, (w)WH. (38) the lost dc component. Hence, in the following discussion, we

m=—0oc Iet
D,(w) and D,(w) are diagonal matrices with diagonal ele- Pir(w) = @i Co3t(w) (43)
ments arcost(w) + (e1 — co)
A fori, 5 =1,2,---, pandk =0,1,---, K — 1.
dp, k(w) = F{dp, x[m]} The above discussion suggests the configuration of the
=apcosi(w) + 2nK e 88 — 716[k]6(w) (39) instantaneous correlation estimator, shown in Fig. 2.
fij[m’ _(K - 1)’ 1] fij[m’ _(K_ 2)’ 2] T fij[m’ 0, K]
AN flm, (K =21 fiylm, —(K=3),2] - lm, 1, K
) 2 [l K= D0) ol =] eyl 1. 8 o3
fij[m7 07 1] fij[m7 17 2] o fij[m7 K — 17 K]
oij[m, 0] oij[m, 1] cee oij[m, K — 1]
O fm] 2 oij[m., —1] 0;i[m, 0] o oylm, .K -2l | _ cos[mlS + (e1 — co)d[mlL + e16fi — ]
oijlm, —(K —=1)] oylm, —(K =2)] "~ o5[m, ]
(24)
and
pij[m, 0] pijlm, 1] o piglm, K —1]
P“[m] é pij[Tnlv _1] pij[.Tnv 0] pij[m7 K - 2] _ CoSt[m]Sf + 61(5[i —J]E (25)
pij[m, —(K = 1) pi[m, (K =2)] - pym, 0]
|+ [0]]? ¢ [2]]? e el - 1)P
Sy = [ 1117 [0 e rglK =2 (26)
[re[=(K = DI |rg[-(EK =2)]* "~ |rg0]
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TABLE |
NMSE’s FOR DIFFERENT ESTIMATORS

1

) E—— o Po(w) = 7i[n, 0]
G

L Y S

SNR(dB) | SIR(dB) | f4(Hz) [ ta(psec.) || NMSE,(dB) | NMSE(dB) | NMSE, (dB)

-
"y

IFFT | ¢ >< L PET 5 5 40 20 -19.5973 | -19.5957 | -9.4898
. - 10 5 40 20 -11.7321 -11.7307 -1.6124
15 5 40 20 -2,7058 -2.7044 7.4185
KKot1( : 20 5 40 20 6.9345 6.9359 17.0603
fijln, K = 1= 1w ) ™ Ryln, K —1] 10 0 40 20 74532 | -7.4516 2.6551
. . . 10 5 40 20 -11.7321 -11.7307 -1.6124
Fig. 2. Instantaneous correlation estimator for the MMSE-DC. 10 10 40 20 15.0107 | -15.0184 48883
10 20 40 20 -17.7878 -17.7867 -7.6508
N 10 5 10 20 177503 | -17.7401 | 76127
B. Robust Estimation 10 5 40 20 -11.7321 -11.7307 -1.6124
From (12), the average MSE of the parameter estimation_19 5 100 20 TTBTT | -TTBBT | 2.3267
. . r _ ) B BY] = N
can be expressed in the frequency domain as 10 5 1200 | 20 47556 | 47526 | 52706
10 5 40 5 11,7321 | -11.7307 | -8.0541
A 1 K-1 10 5 40 10 -11.7321 -11.7307 -4.7512
SE & Z El|fij[n, k] = rij[n, E]|? 10 5 10 20 117321 | 117307 | 1.6124
K o 10 5 40 40 -11.7321 -11.7307 1.4396
1 (/" H
=Tr — | [F(w)O(w)F(w) - 2F(w)P(w) | |
2r ) & Usually, ¢« (w) is unknown since the Doppler frequency
of mobile systems is not available, therefore, the estimator is
P(w)] dw (44) : X
designed to matclps,,(w) defined as
where T{x} denotes the trace of a matrix defined as the T Jw] < 2wy
summation of its diagonal elements. For any estimator (not P2w,(w) = 2wa _ (49)
necessarily the MMSE estimator) with parameters 0, otherwise
F(w) = WT(w)W then
— a1 P2w, (W)
and Pi(w) = . (50)
arop2e, (W) +a;
V(w) = diag{z/;o(w), Py (w), -+, wl(fl(w)} and
the average MSE of the estimator can be further simplified into ot K
a0
K-1 MSE, = ? Z —_— (51)
n=0 5 — GkQo T Q1
-z X & = M AT %

Similar to [9], it can be proven that, for any channel with
— 2 (w)dy, k(W) + dp, 1(w)] dw. Doppler frequency less thaw,, the average MSE of the
(45) estimator matchings,,, (w) is MSE;,,.

Since a;, depends on the channel delay profile, which

For an ideal MMSE estimator, the estimator parameters zEeusually unknown, the robust correlation estimator should
selected to match the channel statistics, i.e.,

match
(w) =1y 46
Pp(w) = Yi(w) (46) ——— f0< k<K, _1or
then ay = ° K-K, +1<k<kK-1 2
MSE, = 1 = 1 /2““ arcoss(w)(c1 — co) o 0, otherwise.
K &= 2n arcosi(w) + ¢1 — co In this case,
= 0—4 3 ~ /QW akaoalSt(—W) dw  (47) MSE: = o* WKaoal (53)
K n=0 21 J g, akost(w) + o m oo + o
where which is also the average MSE of the instantaneous correlation
4 estimator for those OFDM systems with time-varying disper-
7 sive, Rayleigh fading channels with Doppler frequency less
oo 2 1:0—4 than 2w, and delay spread less thak, /K)T;
e Table | illustrates the normalized average MSE’s (defined
and as NMSE/c*) of the above three estimators for a two-ray
L A/ channel with one cochannel interferer. From the table, there
<Z o? + 02> -y ot is only a slight degradation .., (w) substitutes fori(w).
ay A \i=0 1=0 48) However, robust design in the frequency-domain results in a
- 4

significant degradation.

Authorized licensed use limited to: Isfahan University of Technology. Downloaded on July 31, 2009 at 13:32 from IEEE Xplore. Restrictions apply.



222 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 47, NO. 2, FEBRUARY 1999

the first-pass channel parameter estimation Recall from [9] that the average MSE for the ﬁrSt'paSS robust

I o) channel estimation is
A

/A o [ o . .
lsyn. block ‘: syn. block ;= K - K wa/w ( )
[ O K +1

the second-pass channel parameter estimation oPWd

Fig. 3. Enhanced channel parameter estimation. which is larger thanMSE..

. . . L OIB Enhanced Parameter Estimation

With the instantaneous correlation estimation approach de- o _ o
veloped in this section, together with the channel estimationFrom the definition of the correlation matrix in (7), we have
approach in [9], we are able to estimate the parameters of the 1 110 @ H : :
MMSE-DC by (6). That is called theriginal estimatorfor Rin, k] = HV[n, KJHT [0, K]+ Ro[n, A (57)
the parameters of the MMSE-DC to distinguish it from thghereR. [n, k] a (E{vi[n, kJv*[n, K]})P;_,. Using thema-

. . . v ) T ) 7 ) )= .
enhanced estimatadeveloped in the next section. trix inversion lemma[18], we obtain the equation shown at
the bottom of the page. Hence,

wln, &] = (R[n, k] + 1) H[n, k]
1
In this section, we investigate an enhanced approach for = OF IHO
adaptive antenna arrays in OFDM systems by improving 1+ HO " n, K(Ry[n, k] + D)~ HO [n, £]

both the channel parameter and the instantaneous correlation - Win, k] (58)
estimations.

IV. ENHANCED APPROACH FORADAPTIVE ANTENNA ARRAY

wherew[n, k] is defined as

N A _
A. Enhanced Channel Estimation Wln, k] 2 (Ry[n, k] + D) HO[n, k]. (59)

We have introduced several reference generation approachesce, there is only an amplitude difference betwegn, k]
in [9]; however, there is no approach to generate the futud@d Wi(n, &].
reference at the present time. Therefore, at the presenttjme Recall that the OFDM system here uses PSK, which carries
channel estimation can be only based on the temporal chanférmation through the phases of tones. Therefevg, k]
estimation up to time: for the first-pass channel estimatiormay substitute fow[n, k] andR.,[n, k] can be used instead
in Fig. 3. of R[n, k].

However, after the first-pass channel estimation, we canWhen the channel parameters and the (desired) transmitted
obtain the temporal channel estimation at all times. As showlata are known, them,,[r, k] can be obtained by subtract-
in Fig. 3, if the second-pass channel estimation is applidig the desired signal components from the received signals
then improved channel estimation at timecan be obtained «,,[n, k]. Let A5 [n, k] be the estimated channel parameters
by exploiting the past, current, and future temporal channa$ing the enhanced approach in Section IV-A, thegpin, k|
estimations. Assume that the ideal reference, that is, the tasn be estimated as
transmitted signakg[n, k|, is used in the first-pass channel . 0 200
estimation. Then, th[e aerage MSE for the second-pass robuvs’f’[n’ Kl = vm[n, K] + (H’(")[n’ K= H)n, k])so[n’ K.

channel estimation is ) _ _ (60)
Fromd,,[n, k], R, [n, k] can be estimated using the approach
1 developed in Section Ill. The average MSE f&,[n, k]
MSE; = ——— (54) estimation is
1 A A
Wk, MSE, — o* o
akop MSE, = o — — (61)
— Qo + Q1
where 2wq(2K, — 1)
where &g and &; are defined as
L L
RN > ot +a
2 =1 A A =
p= p= . (55) L S — (62)

—1
(R,,.[n, K] +AD)~THO [, HHOY [, (R [0, K] + ’yI)
1+ HO [0, F(Ro[n, k] + 1)~ HO[n, k]

(R[n, k] +D)7" = (Ry[n, k] +9D) 7" —
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20 are available; that causes a slight performance degradation for
.-t the enhanced correlation approach.

| ®—® original esti oF | p 4

V. COMPUTER SIMULATION

In this section, we demonstrate, through extensive computer
0 simulation, the performance of adaptive antenna arrays for
y ' o7 OFDM systems with cochannel interference.
e The OFDM system used in our simulation is similar to the
-10 -1 o= one in [2] and [9], except that it has a cochannel interferer with
- - the same statistics as the desired signal. The entire channel
- s bandwidth (800 kHz) is divided into 128 subchannels. The
20 four subchannels on each end are used as guard tones, and the
rest (120 tones) are used to transmit data. To make the tones
orthogonal to each other, the symbol periodZis = 160
5 SN;(;dB) 15 20 us. An additional 40xs guard interval is used to protect
the OFDM block from intersymbol interference due to delay
@) spread, which results in the total block length = 200
20 1S and symbol rate, = 5 kb. QPSK modulation is used
T with coherent modulation. A (40, 20) R-S code, with each
o] L code symbol consisting of three QPSK symbols grouped in
10 0—0 enhunced estimator | frequency, is used in the system. Hence, each OFDM block
5 forms an R-S codeword. The R—S decoder erases ten symbols
based on signal strength and corrects five additional random
errors. Hence, the simulated system can transmit data at 600
kb/s over an 800-kHz channel. To suppress error propagation,
o 0L 10% of the OFDM blocks are periodically inserted as training
blocks in the data stream. For the enhanced estimation with
2o two passes, the second pass uses information contained within
20 B ten OFDM blocks using only one synchronization block which
©*~ is appropriate for packet transmission.
The undecoded/decoded dual-mode referef@is used

NMSE (dB)
1%
L\

-30
0

NMSE (dB)
|

a0 . 10 5 2 for the channel estimation, which generates references from
SIR (dB) the decoded data if the R—S decoder can successfully correct
(b) all errors in an OFDM block; otherwise, it uses the decided

. . . . . , ,gﬁliced) undecoded symbols.

Fig. 4. Comparison of the enhanced correlation estimator with the origin L . . .

one: (a) NMSE versus SNR when SiR5 dB, f,; = 40 Hz, andt, = 20 us To gain insights into the average behavior of adaptive

and (b) NMSE versus SIR when SNR10 dB, f, = 40 Hz, andt, =20 antenna arrays for OFDM systems, we have averaged the

HS. performance over 10000 blocks. First, we introduce the sim-
ulation results for OFDM systems with two antenna diversity

and and a two-ray channel model.

L 2 L A. Two-Branch Diversity with a Two-Ray Channel Model
<Z o? + 63+ 02> - <Z of + 6—3) A two-path Rayleigh fading channel model [13], [14] with
A \i=1 =1 (63) different delay spreads and Doppler frequencies is used in
the simulations in this section. The channels corresponding
to different receivers have the same statistics. Two receiver
antennas are used for diversity. The cochannel interferer is
og 64 assumed to be synchronous with and have the same statistics
K (64)  as the desired signals.
waK,p Figs. 5-7 show the word error rate (WER) of the original
and the enhanced estimators for adaptive antenna arrays in
Fig. 4 compares th&WMSE of the original instantaneous OFDM systems under different channel conditions.
correlation estimation and the enhanced instantaneous corre=ig. 5 compares the WER'’s of the MMSE-DC and the MR-
lation estimation. From the figure, the enhanced instantane®@ for channels with SIR= 5 dB and different SNR’sf,’s,
correlation estimation has much better performance than #ued ¢;'s. Note that without cochannel interference, the MR-
original one. DC is equivalent to the MMSE-DC. However, when cochannel
It should be noted that we have used the ideal data in (60)terference exists, the OFDM system with the MMSE-DC
In practical systems, only the data from the reference generadtas much better performance than the one with the MR-DC.

431
o4

respectively, with

65 = .
+1
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Fig. 5. WER versus SNR for the MMSE-DC's and the MR-DC'’s with different parameter estimators and channels with531IR and (a)f; = 10 Hz,
ty = 20 us; (b) fu = 40 Hz, t; = 20 us; (¢) f4 = 40 Hz, t, = 5 ps; and (d)fy = 200 Hz,t; = 5 us.

In particular, the MMSE-DC with the enhanced parameter Fig. 7(a) shows the WER versus the channgl;s From
estimator has better performance than the one with the origitia¢ figure, if the channel’g, is less than 50 Hz, the estima-
estimator. Whenf, = 10 Hz andt4 = 20 us, the required tor matching a 40-Hz Doppler frequency has slightly better
SNR for 10% WER is 13 dB for the enhanced estimator amgrformance than the one matching 200 Hz. However, when
20 dB for the original one. Whelfi; = 40 Hz and¢, = 5 S, the channel’sf, is larger than 50 Hz, the estimator matching
the required SNR for the enhanced estimator is about 1.5 @B0-Hz Doppler frequency is much better than the other one.
less than for the original one. Hence, when designing a instantaneous correlation estimator
Fig. 6 shows the WER versus SIR for the channels witlar adaptive antenna arrays, we should let the estimator match
different f4's, t4's, and SNR’s. Whery, = 10 Hz, t; = 20 the largest possible Doppler frequency of the system to obtain
ps, and SNR= 20 dB, the required SIR for 10% WER is asthe best performance. A similar phenomenon is observed in
low as 3.5 dB and the required SIR for 1% WER is abowtig. 7(b) when the channel's delay spread varies and the
9 dB. With an increase of; or ¢4, the system performanceestimator matches 20 or 4@, respectively. From the figure, if
becomes worse. For channels with= 20 ;s and SNR= 20  the channel's, is less than 2@is, then the estimator matching
dB, the required SIR for 10% WER increases from 3.5 to 40 ;s has much better performance than the one matching
dB when fy4 increases from 10 to 40 Hz; for channels witto ;5. However, when the channelts is larger than 2Qus,
ta =5 ps and SNR= 20 dB, the required SIR for 10% WER the estimator matching 20s does not work at all. Since the
increases from about 1.8 to 5.5 dB whgnincreases from 40 performance of the estimator is very sensitive to its matching
to 200 Hz. Similarly, for channels witlfi; = 40 Hz and SNR  delay spread, the performance can be significantly improved

= 20 dB, the required SIR for 10% WER increases from 1.8 the channel delay spread is adaptively estimated.
to 4 dB whent, increases from 5 to 2@s.

We have also tested the robustness of the estimators ByFour-Branch Diversity with a Two-Ray Channel Model
fixing the matchingf,; and¢, while changing the delay spread The channel model used here is the same as the one
and Doppler frequency of the channels. in the previous section, except that four-branch diversity is
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Fig. 6. WER of the MMSE-DC versus SIR for channels with different SNR’s andffa)= 10 Hz, t; = 20 ps; (b) f4 = 40 Hz, t; = 20 us;
(€) fa = 40 Hz, t4 = 5 ps; and (d)fy = 200 Hz, t;, = 5 ps.

employed. Fig. 8 shows the WER of the OFDM system witB. Adaptive Delay Spread Estimation

an adaptive antenna array for channels with different SNR'S, s indicated in Section V-A. the performance of the pa-
SIR's, f4's, andty’s. Fig. 8(a) compares the performance ofymeter estimator for the MMSE-DC is very sensitive to the
the MMSE-DC with that of the MR-DC when SIR 0 dB,  egtimator's matching delay spread. Hence, we need to study

fa =40 Hz, andt, = 5 ps. Similar to the two-branch gyantive delay spread estimation for the parameter estimator.
case, the MR-DC does not work well when the system hasgo the discussion in Section IlI-A, the eigenvaluess)
cochannel interference. On the other hand, for the MMSI; S; related toK, by aj, = 0 for all K, < k < K — K,.

DC, the required SNR for 1% WER is only 10 dB whenygjq this principle, the channel delay spread can be estimated
cochannel interference is as large as SHR0 dB. When . gheerving the average energy of the IFFT output of the
SNR = 20 dB, the required SIR for the MMSE-DC is as lowingtantaneous correlation estimator in Fig. 2.
as —1.6 dB. Fig. 10 compares the performance of the estimators that
. . . . match estimated delay spread, true delay spread, 20- apd 40-
C. Two-Branch Diversity with Different Channel Models delay spreads, respectively. From the figure, the performance
Here, we compare the performance of the MMSE-Dgs the estimator with estimated matching delay spread is close
parameter estimator for channels with the two-ray, typicaly the one with matching true delay spread and much better
urban (TU), and hilly-terrain (HT) [19] models, respectivelyihan the one matching 4@s delay spread when the channel’s
Note that for the TU or HT model, the delay of each ray is nQt, is |arger than 1Qis. Hence, adaptive delay spread estimation

sample-spaced, hence, there will éielay leakageHowever, can pe used effectively in adaptive antenna arrays in OFDM
from the simulation result in Fig. 9, the system performancgstems to improve the performance.

for different channel models is very close, which implies that

delay leakagef TU and HT models has only negligible effectE. Effect of Asynchronous Cochannel Interference

on the performance of the adaptive antenna arrays for OFDMIn the simulations of Sections V-A to V-D, the interferer and
systems. desired signal are assumed to be synchronized (time aligned).
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Fig. 7. (a) WER versus channel; for channel with SNR= 20 dB, SIR  Fig. 8. Performance of parameter estimator for system with four antennas.
= 5 dB, andt;, = 5 ps and parameter estimators matching = 5 us (&) WER versus SNR for channel with S{R0 dB, f; = 40 Hz, andt; =5

and differentf,;’s and (b) WER versus channelig for channel with SNR #S. (b) WER versus SIR for channel with SNR10/20 dB, f; = 40 Hz,

=20 dB, SIR= 5 dB, andfy; = 40 Hz and parameter estimators matchinggndt; = 5 us.

fq = 40 Hz and differentt,’s.

. _ ference. Computer simulation demonstrates that an adaptive
In practical systems, however, they are not necessarily SWtenna array in OFDM systems can suppress as much as

chronized. Here, we investigate the effect of an asynchronaigg g\ cochannel synchronous/asynchronous interference
cochannel interferer on adaptive antenna arrays in OFDM o branch diversity. Hence, this represents a promising

systems. Fig. 11 illustrates the WER versus the normalizg&hnique for future mobile data systems using OFDM
time shift (At/7;) between the desired signal and cochannel '

interferer for channels with SNR= 20 dB, SIR = 5 dB,

fa =40 Hz, andty = 20 ps. From the figure, the time shift APPENDIX

between the desired signal and interferer does not significantly STATISTICS OF INSTANTANEOUS CORRELATION

affect the performance of adaptive antenna arrays in OFDM|, this Appendix, we derive;[u, v] and o;;[u, v] in (18)

systems. Hence, the results of Sections V-A to V-D are al§ay (19), respectively. Recall that they are respectively defined

applicable to systems with asynchronous interference. as

VI. CONCLUSIONS pilus v] = E{Tij[n—i-u, k + )i [n, k]} (A1)
In this paper, we have investigated adaptive antenna arrays
for OFDM systems with cochannel interference. We hawand

proposed both an original and an enhanced parameter estimator
for the MMSE-DC in OFDM systems with cochannel inter- oijlu, v] = E{fi[n +u, k + )7} [n. K]} (A.2)
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From the definition of7;;[n, k], we have

pij[u, v] = E{rij[n +u, k +v]E(7[n, k])}

-
H [, ko] + 026 - ﬂ)

. < [n, k] 4+ o?8[i —j]) }

I
28 H" [+, b+ 0]
l, =0

L
Z Hi(l)[n +u, k+ ]
=0

L

! R
Z HZ( )[n, k]HJ( )
1=0

()" ()" (t2)
CHPY [n4u, k+olH? [, KH; [0, K]

+E{

-H](»l)*[n—i—u, k4] +0?

L ES
: <Z HP[n, (JHY [n, k]) + 0—4}6[i —j]-

=0
(A.3)

L
Z O'QHi(l) [n 4w, k+v]
1=0

SinceHi(l)[n, k]'s are stationary Gaussian processes, then

E{Hi(ll)[n +u, k+ U]H](»ll)* [n+u, &+ U]Hi(lz)* [n, K]
(I2)
- Hn, k]}

= 01210122 (6[L —Jl+ 0?1 |7k [, v]|26[11 — lg]). (A.4)

Thus, the first term in (A.3) is(Xr,02)%6[i — 7] +
S ootlrmlu, v]|> and the second term in (A.3) is

delay spread matching schemes when SNR20 dB, SIR = 5 dB, and
fa = 40 Hz.
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Fig. 11. The effect of asynchronous cochannel interferer to the MMSE-DC

when SNR= 20 dB, SIR=5 dB, f; = 40 Hz, andt; = 20 us.

23,0202 + o*)6[i — j]. Therefore,

2 2 2
pijlu, v] = <Z 0?) |71 [, v])% + <02 + Z 0?) oé — J].
=0 =0
(A.5)
Using the moment and cumulant relation [20], we have
oijlu, v] = E{E.(zi[n +u, k+v]z}[n +u, k+]
“wi[n, Klajln, k])}
= E{Cum(z;[n +u, k + ], }[n +u, k+ ],
+ E{E(xi[n +u, k+], 2 [n +u, k+v])
“Ee(xi[n, k], zjln, k])}
+ E{EC(QZZ[TL +u, b+ U]v 37:[71, k]}
: Ec{x;k [7’L +u, k+ U]v J}j[TL, k])}

Bzt [n+u, k+v], zf[n, E])} (A.6)
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By means of the linearity of the cumulant, and
E{Cum(z;[n + v, k +v], z[n +u, k + ], E{Ec(xi[n +u, k+v], i[n, |}
zi[n, k], zj[n, KD} Efxiln 4w, k+ o], zjn, K]}
L
L l H*
=F Z Hi(ll)[n—i—u,k—l—v] :E{ <Z Hi()[n7 k]Hz() [, k]+02>
I1,102,13,14=0 l=0L )
CH [n 4w, k4ol H o, KH[ 0, k] : <Z H I, KIH" [n, k] + 02> 8[u, v]}
1=0

-Cum(a(h)[n—i-u, k+v], ) [n 4w, k4],

2L
+>° ofoli— 4] | 6fu, o] (A11)
=0

L
E 012 + 02
1=0

Notice thatE{a?[n, k]} = 0, thus
Since aW[n, k]'s are constant modulus and independent f%{Ec(xi[nJru k4], @;ln, k]}

different/, n, or k, then E w4, b+, 23, H)} =0, (A12)

a') [n, k], a9 n, k]) . (A7)

Cum (a<h>[n +u, k4], ) [n+u, k4], Substituting (A.8) and (A.10)—(A.12) into (A.6), we have
(13)*[ k] (14)[ k] L
a n, , A m,
) ol o] = 3 ofralus o]|?
= —(5[11,, U](S[h — lQ, lQ — 13, 13 - 14]- =0
2 A/
Therefore, + Z o+ 02 =Y ot | 6w, v]
E{Cum(z;[n +u, k+v], z}[n +u, k+], =0 =
2
x;[n, k], zj[n, k -
[0, K], xjln, K])} +|3° o + 02| 8li—jl. (A.13)
=0

L 2 2
_ —E{Z ‘H}” [n, k]‘ ‘H]@ [n, k]‘ 8[u, v]}
=0 Using the separation property [9] of the channel correlation
function, o;;[u, v] andp;;[u, v] can be further simplified as

M=

ot (14 6[i — j])élu, v]. (A.8)

; pijlu, v] = coseu]sp[v] + e16[i — j] (A.14)

Il
=

It can be shown and

i [w, v] = —cp)b[u, 6[i— 4] (A.15
Ec(xi[n—’—u, Iﬂ}—’—v]xj[n, Iﬂ}]) OJ[U' U] COSt[U/]S‘f[U]"_(Cl CO) [U' U]—’_Cl [l' J] ( )

where we have used the definitions
)6[u, ]

I
= (Z HOn, H" [0, K] + 0268[i — j]

2 sl 2lrfulP splu] Syl (A26)
(A.9) and
Using the above identity, we have & 4 L 2 2 :
COIZO'I, and c¢; = <Z oj +0> . (A.17)
E{E.(zi[n +u, k+v], 2}[n+u, k+v]) =0 =0
'Ec(ffiﬂv k], aj[n, K])} ACKNOWLEDGMENT
o (3 i a5 1 Winere of A Lo hoseman o o

insightful comments.

g 2er0 4
H [n+u, k+o]+076[ J]) REFERENCES

L . * [1] L.J.Cimini, Jr., “Analysis and simulation of a digital mobile channel us-
. Z Hi(l)[n, ]f]H/(,l) [n, k] + 026[i — J] ing orthogonal frequency division multiplexing ZEE Trans. Commun.,
J vol. COM-33, pp. 665-675, July 1985.
=0 [2] L. J. Cimini, Jr. and N. R. Sollenberger, “OFDM with diversity and
L 2 coding for advanced cellular internet services,” Rmoc. 1997 IEEE

—_ 47 2 2 2 g Global Telecommunication ConPhoenix, AZ, Nov. 1997, pp. 305-309.
Z or Jlrmlu, v]" + Z oi +o° | 8[i— ] [3] V. Mignone and A. Morello, “CD3-OFDM: A novel demodulation
=0 =0 scheme for fixed and mobile receiverdEEE Trans. Communyol.

(A.10) 44, pp. 1144-1151, Sept. 1996.

™

Authorized licensed use limited to: Isfahan University of Technology. Downloaded on July 31, 2009 at 13:32 from IEEE Xplore. Restrictions apply.



LI AND SOLLENBERGER: ADAPTIVE ANTENNA ARRAYS FOR OFDM SYSTEMS WITH COCHANNEL INTERFERENCE

(4]
(5]

(6]

(7]

(8]

(9]

[20]

(11]

[12]

[13]

[14]

[15]
[16]
[17]
(18]
[19]

[20]

229

|. Kalet, “The multitone channel,JEEE Trans. Communyol. 37, pp.
119-124, Feb. 1989.

S. B. Weinstein and P. M. Ebert, “Data transmission by frequenc)
division multiplexing using the discrete Fourier transfortiEE Trans.
Commun. Technolyol. COM-19, pp. 628-634, Oct. 1971.

P. Hoeher, S. Kaiser, and P. Robertson, “Two-dimensional pilo
symbol-aided channel estimation by Wiener filtering,” Fmoc. 1997
IEEE Global Telecommunications ConPhoenix, AZ, Nov. 1997, pp.
1845-1848.

Ye (Geoffrey) Li (§5'93-M'95-SM’97) was born in
Jiangsu, China, in 1963. He received the B.S.E. and
M.S.E. degrees in 1983 and 1986, respectively, from
the Department of Wireless Engineering, Nanjing
Institute of Technology, Nanjing, China, and the
Ph.D. degree in 1994 from the Department of Elec-
trical Engineering, Auburn University, Auburn, AL.
From 1986 to 1991 he was a Teaching Assistant
) and then a Lecturer with Southeast University, Nan-
J.-J. van de Beek, 0. Edfors, M. Sandell, S. K. WllSOn, and P. C jing’ China. From 1991 to 1994, he was a Research
Borjesson, “On channel estimation in OFDM systems, Piroc. 45th and Teaching Assistant with Auburn University,

IEEE Vehicular Technology ConfChicago, IL, July 1995, pp. 815-819. Auburn, AL. From 1994 to 1996, he was a postdoctoral Research Associate

O. Edfors, M. Sandell, J.-J. van de Beek, S. K. Wilson, and P. Gyjih the University of Maryland, College Park. Since 1996, he has been with

Borjesson, “OFDM channel estimation by singular value decomposkreT Labs-Research, Red Bank, NJ. His general research interests include

tion,” IEEE Trans. Communyol. 46, pp. 931-939, July 1998.

Y. (G.) Li, L. J. Cimini, Jr., and N. R. Sollenberger, “Robust channe
estimation for OFDM systems with rapid dispersive fading channels

tatistical signal processing and wireless mobile systems with emphasis on
signal processing in communications.
' Dr. Li is currently serving as a Guest Editor for a special issue on Signal

in Proc. 1998 'E.EE Int. Communications Comitlanta, GA, June 1998, prgcessing for Wireless Communications for the IEBERNAL OF SELECTED
pp. 1355-1359; alstEEE Trans. Communyol. 46, pp. 902-915, July ageas v CommunicaTions and as an Editor for Wireless Communication

1998.

J. H. Winters, “Signal acquisition and tracking with adaptive arrays
the digital mobile radio system 1S-136 with flat fadindEEE Trans.
Veh. Technol.yol. 42, pp. 377-384, Nov. 1993.

J. H. Winters, R. D. Gitlin, and J. Salz, “The impact of antenna
arrays on the capacity of wireless communication systetBEE Trans.
Commun.yvol. 42, pp. 1740-1751, Feb.—Apr. 1994.

R. L. Cupo, G. D. Golden, C. C. Martin, K. L. Sherman, N. Sollenberger,
J. H. Winters, and P. W. Wolniansky, “A four-element adaptive antenna
array for 1S-136 PCS base station,” iroc. 47th IEEE Vehicular
Technology ConfPhoenix, AZ, May 1997, pp. 1577-1581.

Y. (G.) Li, J. H. Winters, and N. R. Sollenberger, “Spatial-tempora
equalization for 1S-136 TDMA systems with rapid dispersive fading an
co-channel interference]EEE Trans. Veh. Technolt¢ be published. &
, “Parameter tracking of STE for 1S-136 TDMA systems with{s
rapid dispersive fading, and co-channel interference,”Pioc. 8th &
IEEE Int. Symp. Personal, Indoor and Mobile Radio Communicationf
Helsinki, Finland, Sept. 1997, pp. 811-815.

W. C. Jakes, Jr., EdMicrowave Mobile Communications.New York:
IEEE Press, 1974.

A. Papoulis,Probability, Random Variables, and Stochastic Processe
3rd ed. New York: McGraw-Hill, 1991.

In

.Theory for the IEEE RANSACTIONS ON COMMUNICATIONS.

Nelson R. Sollenberge(S’'78—-M'81-SM’'90—-F'96)
received the B.S.E. degree from Messiah College,
Grantham, PA, in 1979 and the M.S.E. degree from
Cornell University, Ithaca, NY, in 1981, both in
electrical engineering.

He heads the Wireless Systems Research De-
partment at AT&T, Red Bank, NJ. His depart-
ment performs research on next generation wireless
systems concepts and technologies including high-
speed transmission methods, smart antennas and
adaptive signal processing, system architectures, and

A. V. Oppenheim and R. W. Schafddjscrete-Time Signal Processing. radio link techniques to support wireless multimedia and advanced voice

Englewood Cliffs, NJ: Prentice Hall, 1989.

S. Haykin, Adaptive Filter Theory,2nd ed. Englewood Cliffs, NJ:
Prentice Hall, 1991.

R. Steele,Mobile Radio Communications.New York: IEEE Press,
1992.

C. L. Nikias and A. P. PetropuluHigher-Order Spectra Analysis.
Englewood Cliffs, NJ: Prentice Hall, 1993.

services. From 1979 through 1986, he was a member of the Cellular Radio
Development Organization at Bell Laboratories. At Bell Laboratories, he
investigated spectrally efficient analog and digital technologies for second-
generation cellular radio systems. In 1987, he joined the Radio Research
Department at Bellcore, and he was the head of that department from 1993
to 1995. At Bellcore, he investigated concepts for PACS, the personal access
communications system.

Authorized licensed use limited to: Isfahan University of Technology. Downloaded on July 31, 2009 at 13:32 from IEEE Xplore. Restrictions apply.



