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ABSTRACT

A frequency-domainchannel estimation algorithmfor asingle-

user orthogona frequency division multiplexing (OFDM)
wireless system in the presence of synchronousinterference
has recently been proposedin[1]. However, theinterference
cyclic prefix does not usually align with the desired user’s
cyclic prefix (i.e., theinterferer is asynchronous) and thus a
different approach is required. For an asynchronous inter-
ferer in arich multipath environment, the received frequency-
domain measurement is correlated in space with full-rank
covariance matrix on each subcarrier. Therefore, the syn-
chronous algorithms may give poor detection performance
since they assume reduced rank interference and use smaller
number of parameters. We overcomethese problems by em-
ploying an appropriate structured model with properly de-
fined number of covariance parameters. We estimate the
interference covariance parameters using a residual method
of moments (RMM) estimator and the mean (i.e., the de-
sired user’s channel) parameters by maximum likelihood
(ML) estimation. Since the RMM estimates are invariant
to the mean, we obtain simple non-iterative estimates of the
covariance parameters while having optimal statistical effi-
ciency. Numerical results illustrate the applicability of the
proposed algorithm.

1. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) has
received considerable interest over the last few yearsfor its
advantagesin high-bit-ratetransmissions over frequency se-
lective fading channels. In OFDM systems, the input high-
rate data stream is divided into many low-rate streams [7]
that are transmitted in parallél, thereby increasing the sym-
bol duration and reducing theintersymbol interference (1S1).
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Coherent OFDM transmission invariably requires esti-
mation of the channel frequency response (i.e. the gains
of the OFDM tones). Currently, there are three different
types of channel parameter estimators: (i) blind, (ii) semi-
blind, and (iii) pilot-aided. Blind estimation techniques, see
[2], [3], try to estimate the channel without any knowledge
of the transmitted data. They are attractive because of the
possible savings in training overhead, however they are ef-
fective only when a large amount of data can be collected.
Pilot-aided estimation, see [4], transmits training sequence
of known data symbols (pilots) and the channel parame-
ters are initialy estimated using the received pilot signal.
Semi-blind techniques try to reduce the size of the training
sequence by exploiting both the known (training) and un-
known (blind) portions of the data.

In this paper we present a frequency domain pilot-aided
channel estimation algorithmin the presence of asynchronous
interference. Similar problem in the time domain has re-
cently been presented in [5]. Interference suppression is
of utmost importance in high-rate wireless systems. In the
presence of interference the received signa, in addition to
multipath fading, may have heteroskedastic (non-constant
variance) properties, such as frequency dependent covari-
ance which means that channel estimators that ignore the
interference are suboptimal. Sufficiently accurate estima-
tion of the covariance matrices, necessary for efficient inter-
ference suppression, in such a model would impose signif-
icant training overhead. In [1], [6] we presented frequency
domain channel estimation algorithms in the presence of
synchronous interference. However, in many realistic sce-
narios the interference will be asynchronous. We demon-
strated in [1] that in this case the performance of the syn-
chronous estimator can deteriorate significantly. To over-
come these problems, in this paper we present a structured
model appropriate for estimating the channel and interfer-
ence parameters for asynchronous interference. The pro-
posed asynchronousmodel haslarger number of parameters
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than the synchronous model presented in [1], [6] but gives
better performance in the asynchronous case. We propose
estimating the unknown parameters using: (i) maximum
likelihood estimator (MLE) and (ii) an asymptotic MLE in
which the non-linear covariance parameters are estimated
using a method of moments (MM) estimator, which yields
non-iterative algorithm.

In Section 2, we briefly describe the OFDM system with
pilot-symbol-aided channel estimation and derive the sta-
tistical model. In Section 3, we present the MLE, asymp-
totic MLE and discuss numerical implementation of the pro-
posed non-linear algorithms. Section 4 demonstratesthe ap-
plicability of our results through numerical examples. Con-
cluding remarks are given in Section 5.

2. THE OFDM MODEL

We briefly introduce the channel model for an OFDM sys-
tem with pilot-symbol-aided channel estimator and describe
the corresponding channel statistics.

2.1. Channel Model

Consider an OFDM system that consists of ng subcarriers
and n, receiving antennas. Each transmission subcarrier is
modulated by a data symbol x i, where j represents the
subcarrier index number, and & thetime slot number (OFDM
symbol number). The received signal in the frequency do-
main can be written as

ni
Y = hjx, + Zu?k + €k @
q=1

where Yk is the n.-dimensional received signal vector at
the jth subcarrier and kth time slot, h ; the n.-dimensional
user channel vector at the jth subcarrier, n; is the number
of interferers, uf,,q = 1,...,n; the gth unknown interfer-
ence vector at the jth subcarrier and kth time slot, and e
is additive white Gaussian noise. Observe that the subscript
j denotes frequency dependence and & denotes time depen-
dence. In the frequency domain, the user channel vector is
the discrete Fourier transform of the user channel impulse
response. In particular,

Nm
hj — Zal6721,7rB(j717ns/2)7'1/n5, (2)

i=1

where n,, is the number of multipaths, {«;} are the path
complex amplitudes, ¢ is the imaginary unit, B is the band-
width, and 7; are the path delays.

Unlikethe synchronouscasein[1], [6], the asynchronous
interference cannot be represented as a product of the inter-
ferer’s channel and interferer’s data symbol sequence. Con-
sequently, on the receiver side theinterference becomescom-

pletely random although the data symbols come from a fi-
nite alphabet. Therefore, we combine the interference and
additive noise into one random vector yielding

ni
€ = ejk+2u?k. 3
g=1

2.2. Statistical Model

In order to derive the MLE for the above OFDM model we
first develop a statistical model of the received signal as a
function of the channel and interference parameters. Our
goal is to develop a model that will include the unknown
random effect due to the presence of unknown interference
and enable statistically efficient channel estimation using a
small number of pilots.

We start by assuming that both the interference and am-
bient noise are zero-mean Gaussian wide-sense stationary
(WSS) random processes. In addition, we assume that the
ambient noise is uncorrelated in space and time according
to:

Elejrefiy] = 070(j — §')6(k — k)1, (4)

where the superscript “ 77 denotes the Hermitian transpose.
We assume that the interference is spatially correlated ac-
cording to

Blul, (ul)"]=19;,6(¢ — ¢')6(j — j")o(k — k). (5)

Observe that in the above model o2 and ¥; are not iden-
tifiable. Therefore, the second order statistical properties
are completely described by the spatial covariances of the
residual vectorsi.e.

S = Elejrely] = o’ T + Zﬁm. (6)

q=1

The asynchronous model (6) has ngn.(n, + 1)/2 un-
known covariance parameterswhich is larger than the num-
ber of parameters in the synchronous model presented in
[1]. However, (6) has the full rank interference structure
and is thus more adequate in the presence of asynchronous
interference.

In order to further decrease the number of unknown pa-
rameters and linearize the model, we propose to exploit the
structure of the channel vectors h ;. We will model the user
channel using a set of a priori known basis functions and
unknown corresponding coefficients, i.e., we substitute the
actual wireless system with an equivalent system in which
the number of multipaths and corresponding delays are a
priori known, i.e.

nb
hj ~ Zdle—QurB(j—l—njﬂ)ﬁ/ns. (7)
=1
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where ny, is the number of basis functions, &; are the un-
known multipath amplitudesin the approximate model, and
7; arethe known path delays 7; = I7Tiax/nb Where 7,ax 1S
the maximum delay.

Using (7) we can model the desired user’s channel as

h; = H;0 (8)

where @ is the unknown coefficients vector, and
H;
fj =

where ® isthe Kronecker product.

£ @ In,

[612777—1]3/77,57eszrg]B/n57 o 7esz-rljB/ns]

3. FREQUENCY DOMAIN CHANNEL
ESTIMATION

The maximum likelihood (ML) estimates are given by

—1
0 = (D HIEH;) Y OHISY ahy,
j=1 j=1 k=1
. 1 & o
Y o= — ) eix(0)e(0)
i et
eir(0) = yj —xjpH;0 )

To obtain the estimates (9) we implement an iterative
algorithm. At thestepn = —1,0,1, 2, ... we compute

) (g,(n)) ZHH (3,0 ijky]k
N -1
v = (Zﬂf(zj("))_lffj)
Ej(nJrl) _Zejk g(n) () ). (10)

n
P r=1

The above algorithm can beinitialized with the ordinary
least squares estimate 0V = foLs Alternatively, we can
obtain a better initial estimate using

_ 1
2V = /[ - Hy(HH - j)HTY; (1)
np
Y} = [yjlv"'aylnp] (12)

which isthe MLE of X ; when only the pilot measurements
from the jth frequency slot are used.

Since our interest lies primarily in drawing inference
about @ we propose a simpler estimation scheme based on
the MLE for 6 and o2, and MM estimator for ¥;,j =

1,...,ns. Thisapproach provides a non-iterative estimates
of the covariance parameters without sacrificing any effi-
ciency in the estimation of 0, see[9].

The new objective function is the same as for the MLE
except that X ; is replaced by any consistent estimator of X ;.
In the remainder of the paper we will refer to this method as
asymptotic MLE. The asymptotic MLE of @ is then given

by

p = (iﬂfijlﬂj) ZHHE 15) Yir (13)

Jj=1

which is equivalent to the true MLE whenever 3, is the
MLE. Furthermore, since 33; — ¥; asn,, — oo the asymp-
totic MLE can be shown to be asymptotically equivalent to
the MLE.

We derive a non-iterative algorithm by exploiting the
factthat H; = I ® f" whichyields

Np

iZRMM = 5= nslnk Z [1 - ff(HHH)ilfj
k=1
H = [fi fa)"
S = Y(I-HHYH)H")) Y. (14)

A major drawback of this estimation method is that on
occasion, it can result in a non-positive semi-definite esti-
mate of X;. To ensure having a positive semi-definite esti-
mate of X; we suggest using a modified asymptotic MLE

Tp

i = 5 —min(1, ) Y [1
k=1

- FETH) ' f)

(15)
where )\ is the smallest root of

Np

1S — AZ[

Observethat we derived above estimatorsassuming H ; =
I® f]H . However, the method can be easily extended to the
general case by simply noting that for an arbitrary H ; there
exists vector f; and an incidence matrix Q of zeroes and
onessuchthatl; = (I @ f;)Q. Thenit can be shown that,
see [1], the RMM estimator (14) will remain the unbiased
estimator of X ; and that it isinvariant to 6.

~ fHET) T ] I=0. e)

4. NUMERICAL EXAMPLES

We demonstrate the performance of the proposed estimators
by numerical examples. In al examples, unless otherwise
stated, we assume n, = 4 element antenna array and a 16-
QAM signa occupying a B = 6.0MHz bandwidth. The
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Fig. 1. BER performance comparison

number of pilot bauds is n, = 11 with pilot symbols on
all subcarriers (ng = 400). The number of basis functions
for both interpolation matrices isny, = 40 (10 for each an-
tenna). The maximum multipath delay is 7. = 8.0us. We
define the signal-to-interference (SIR) as theratio of signal
power to interference and additive noise power and set it to
5dB. The number of multipathsis set to n,, = 100 with an
exponential power delay profile. The phase shift on each
path is uniformly distributed over [0, 27).

Figurelillustratesthe bit-error-rate (BER) performance
of the proposed asymptotic MLE and MLE as afunction of
SNR. We observethat the differencein the detection perfor-
mance of these two estimators is acceptable considering the
difficulties with embedded software implementation of iter-
atively computed MLE. In Figure 2 we illustrate the mean-
square-error (MSE) of the MLE and the asymptotic MLE
estimator as a function of SNR computed using 5000 trials.
We define MSE as -1 3", [|h; — hy]l.

Nse

5. CONCLUSIONS

We have proposed pilot-aided channel estimation algorithms
for estimating OFDM wireless channels in the presence of
asynchronous interference.  To reduce the number of un-
known parameters (and keep the detection efficiency) we
modeled the statistical properties of the interference using
full-rank subcarrier spatial covariance matrices. We have
derived MLE and asymptotic MLE algorithms for estimat-
ing channel parameters and subcarrier spatial covariances.
The asymptotic MLE estimates the unknown interference
parameters using a residual method of moments estimator
invariant to the user channel parameters. We also compared
the performance of the asymptotic MLE and ordinary MLE,
and showed that the performance of the asymptotic MLE is
comparableto the performance of ordinary MLE.
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