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Interference Rejection for Parametric Channel
Estimation in Reuse-1 Cellular OFDM Systems
M. R. Raghavendra, Srikrishna Bhashyam, and K. Giridhar

Abstract—This paper proposes a joint channel-estimation
method for the desired and interfering channels for cell edge users
in reuse-1 orthogonal frequency-division multiplexing (OFDM)
cellular systems. The following assumptions are made in proposing
the algorithm: 1) The desired and interferer’s channel multipath
delays do not overlap; 2) the same pilot sequence is sent from
the desired and interfering base stations (BSs); and 3) reuse-3
preamble symbols, as in the preamble structure in IEEE 802.16d/e
(Wimax) systems, are used to obtain initial channel estimates
without interference. If we make these assumptions, then it is
possible to estimate the desired and interfering channels, even
with reuse-1 pilots. The proposed pilot-based channel estimation
technique exploits the delay subspace structure to reduce the impact of cochannel interference (CCI) on channel estimation. Delay
subspace refers to the set of basis vectors spanning the frequency
response of the desired and interfering multipath channels. This
enables us to jointly estimate and track the desired and interfering
channels with a lower mean-squared error (MSE), when compared
with the conventional modified least-squares (mLS) technique,
which ignores the structure of interference. The significance of
accurate channel estimates in symbol detection schemes is demonstrated for systems employing two or more receiver antennas.
The proposed channel estimator significantly improves the performance of symbol-detection schemes based on either interference
nulling combiner (INC) or minimum MSE diversity combiner
(MMSE-DC), when compared with detection schemes using
mLS-based channel estimates. Analytical expressions are derived
for the MSE of the estimated multipath delays. Simulation results
are also provided to show the improved performance for the proposed channel-estimation method compared with the mLS-based
channel estimation method, when used in conjunction with INC
and MMSE-DC detectors.
Index Terms—Cellular orthogonal frequency-division multiplexing (OFDM), cochannel interference (CCI), estimation of signal parameters using rotational invariance method (ESPRIT),
IEEE 802.16d/e, joint channel estimation, parametric channel
estimation.

I. I NTRODUCTION

F

UTURE cellular networks based on orthogonal frequencydivision multiplexing (OFDM) are expected to be uni-
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versal frequency reuse (reuse-1). By cooperative scheduling
of subcarriers across cells or sectors, power control, and precoding, the SIRs seen on the data subcarriers (subchannels)
are likely to be higher than the corresponding SIR seen on
common (broadcast) pilot subcarriers. Nearly half of the users
in a reuse-1 cellular network based on the IEEE 802.16d/e
wireless metropolitan access network (WMAN) standard [1]
will typically see an SIR of around 0 dB on the broadcast
pilot subcarriers [2]–[4]. Good channel estimation and tracking
become very difficult for these interference-limited users.
Interference rejection techniques for data subcarriers using
multiple/single-antenna systems require channel state information at the receiver. A good channel estimation and tracking
method for both desired and interfering channels is required to
design an efficient interference rejection combiner for multiple receive antennas. The interference suppression techniques
in [8], [9], and [12] assume full channel knowledge at the
receiver and do not provide the methods for channel estimation. Antenna array-based interference suppression techniques
along with channel estimation have been proposed in [5]–[7]
and [10]. These techniques linearly combine different antenna
outputs to estimate the data, and channel estimation plays an
important role in defining the combiner. While [5] and [6]
use a minimum mean-squared-error (MMSE) channel estimator
(which is designed for fading channel without interference, as
in [25]), a pilot-based maximum-likelihood channel-estimation
method capable of mitigating synchronous interference has
been presented in [7]. However, this suffers from an irregular
error floor in channel-estimation mean-squared error (MSE) for
nonsample-spaced channels since it uses columns of discrete
Fourier transform (DFT) matrix as basis functions. Another
pilot-based MMSE estimation method for time-varying channels with strong cochannel interference (CCI) is presented in
[10] for digital video broadcasting-terrestrial systems. This estimator exploits the pseudorandom (PR) properties of the pilot
sequences on interfering transmitters in mitigating CCI. Since
it models the interference components as white noise, it suffers
from an irreducible error floor at high SNR. Furthermore, the
performance of the channel estimator significantly degrades
for nonsample-spaced channel models. A CCI suppression
technique with a single receiver for coded OFDM system has
been discussed in [11]. The preamble-based channel-estimation
method used in [11] assumes perfect knowledge of frequency
correlation (multipath delay information) of the desired channel
at the receiver and assumes the channel to be time invariant over
several OFDM symbols as well.
A number of parametric channel-estimation techniques for
OFDM/orthogonal frequency division multiple access systems
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have been proposed for sample- and nonsample-spaced channel
models [14], [16]–[18]. These parametric techniques assume
a specular channel model, where each path is characterized
by a delay and a complex gain. In this paper, we propose a
channel estimation technique with CCI for a single- or multiplereceiver antenna system. We assume that the multipath delay
locations of the desired and interferer channels do not exactly
overlap. In other words, even if the power delay profiles (pdp’s)
are nearly the same, we assume that the time-of-flight difference between the different signals ensures that the multipath
locations are distinct. From the simulations, we observe that if
the delays are very close, then there is a graceful degradation
in performance due to inaccurate multipath delay estimation.
When the pilot sequences transmitted from the desired and
interferer base stations (BSs) are same, the distinct multipath
delay locations can be estimated. The proposed method estimates the multipath delays of both desired and interfering
channels at the receiver. Exploiting this nonoverlapping nature
of the multipath locations, it is possible to estimate and track the
desired and interfering channels.1 The proposed joint channel
estimator removes the error floor typically associated with DFTbased interpolation. An initial estimate of the nonoverlapping
multipath locations of the desired and interfering channels is
obtained using reuse-3 preamble symbols, as in the preamble
structure in IEEE 802.16d/e (Wimax) systems. However, reuse1 pilots are assumed. The interference from the same sectors
(in terms of geographical orientation) of neighboring cells is
neglected. Only one dominant interfering signal is considered.
This paper is organized as follows: Section II introduces the
channel model and the OFDM system model. In Section III,
the parametric channel-estimation algorithm is provided. Here,
we discuss the steps involved in multipath delay estimation
and tagging the multipath delays corresponding to the desired
and interfering BSs. Section IV discusses symbol detection
techniques with multiple receivers. An approximate expression
for the MSE of the estimated multipath delays is derived in
Section V. The MSE expression helps in deciding the minimum subarray length for satisfactory system performance. The
performance of the proposed scheme is evaluated by computer
simulations, and the results are provided in Section VI. Comparisons are also made with the analytical results. Section VII
summarizes the main results of this paper.
A. Basic Notation
Boldface letters denote vectors or matrices; (.)T , (.)∗ , and
(.)H denote transpose, complex conjugate, and Hermitian, respectively; E[.] denotes the expectation operator; CN (x, C)
represent complex Gaussian vector with mean x and variance
C; IK denotes the K × K identity matrix; 0p×q denotes the
1 Note that distinct multipath delays do not mean complete orthogonality
between desired and interferer channels. Hence, in general, it is impossible
to remove the effect of interfering channel on the desired channel estimates.
However, when the channel multipath delays of both desired and interfering
channels are sample spaced and “distinct,” the interference can completely be
removed. We provide simulation results indicating the impact of the relative
path locations on the overall MSE and show that good performance is obtained,
as long as one or more paths of the two channels are separated by at least 0.1T ,
where T is the sampling duration of the receiver.
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matrix of size p × q with zero entries; and diag(x) is the
diagonal matrix with elements of the vector x on its main
diagonal.
II. OFDM S YSTEM M ODEL
Consider an OFDM system operating with a bandwidth of
B = 1/T Hz (T is the sampling period). The system consists
of K (i.e., K-point fast Fourier transform) subcarriers of which
Ku are useful subcarriers (excluding guard bands and dc subcarrier) with the set Iu indicating useful subcarrier positions.
The baseband equivalent of the time-varying channel impulse
response is modeled as a wide-sense stationary uncorrelated
scatterer zero-mean complex Gaussian process. The channel
impulse response has L multipath components, where each path
is characterized by a complex 
gain factor hl and a delay τl
[14] and has the form h(τ, t) = L−1
l=0 hl (t)δ(τ − τl (t)), where
hl (t) are zero-mean complex Gaussian random processes with
E[hl (t)h∗l (t)] = σl2 and E[hl (t)h∗m (t)] = 0 for l = m. The
paths independently fade according to the time-correlation
function E[hl (t)hl (t )] = σl2 J0 (2πfd (t − t )), where J0 (.) is
the zeroth-order Bessel function of the first kind, and fd is the
Doppler frequency in hertz. The channel frequency response
vector for the nth OFDM symbol is
Hn = Fhn

(1)

where Hn = [H0 (n), H1 (n), . . . , HK−1 (n)]T , with Hk (n) =
H(f = k/KT, t = nTs ) representing the channel frequency
response on the kth subcarrier of the nth symbol, hn =
[h0 (n), . . . , hL−1 (n)]T , with hl (n) = hl (t = nTs ) representing the channel gain of the lth path of the nth symbol, and F is
the K × L sampled Fourier transform matrix with the (k, l)th
element given by


−j2πkτl
[F]k,l = exp
KT
for k = 0, 1, . . . , K − 1 l = 0, 1, . . . , L − 1.

(2)

If the variation in multipath delay locations over N OFDM
symbols is smaller than the resolution of the system (1/T ),
then we can assume the delay locations to be constant over N
symbols2 (see also Section III, [17]), i.e., τl (t) = τl . Assuming
sufficiently accurate frequency synchronization, the received
signal vector in the frequency domain at time n is
Yn = Xn Hn + Vn

(3)

where Yn = [Y0 (n), Y1 (n), . . . , YK−1 (n)] is the received
vector, Xn is the diagonal matrix with data symbols
[X0 (n), X1 (n), . . . , XK−1 (n)] on the diagonal, and Hn is the
sampled frequency response of the channel during the nth
OFDM symbol. The zero-mean complex Gaussian noise vector
Vn has the distribution V ∼ CN (0, σ 2 IK ). In writing (3), we
have assumed the channel gains to be constant over an OFDM
symbol duration, which implies that we are neglecting the
2 For the system parameters considered in the simulation, we can assume
N ≤ 600.
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Fig. 1. OFDM system model.
Fig. 2.

intercarrier interference (ICI) due to the Doppler shift. For the
normalized fade rate assumed in this paper, i.e., fd Ts = 0.006
(where fd is the fade rate in hertz, and Ts is the OFDM symbol
duration), the ICI power is upper bounded by −42 dB [15].
Hence, the quasi-static assumption of the channel gains holds
true for the SNRs considered in the simulation.
Consider a downlink scenario with users at cell edge or sector
edge, as shown in Fig. 1. We restrict our discussion to a single
interferer BS case,3 although this method can be extended for
multiple interferers as well. The user receives signals from both
desired and interfering BSs using Nr ≥ 1 receive antennas. It is
assumed that the receiver is synchronized to the desired BS, and
that all the BSs are frequency and frame (time) synchronized.
(j)
(j)
(j)
(j)
Let {τd }, hd,n , Hd,n and {τi }, hi,n , Hi,n denote the multipath
delay locations (with τd,1 = 0), the channel impulse responses,
and the sampled channel frequency responses of the desired and
interferer channels, respectively, at the jth receive antenna. Let
L = Ld + Li denote the total number of multipath components.
We assume that the maximum delay spread of each of the
channel (with respect to τd,1 = 0) is smaller than the duration
of cyclic prefix. Without loss of generality, we assume that the
average signal and channel variance is unity, i.e., E[|H|2 ] = 1
and E[|X|2 ] = 1 for both desired and interfering signals. Let
Kd represent the number of subcarriers allocated to the desired
user, where the set Id indicates the corresponding subcarrier
indexes. The received signal at the jth receive antenna (where
j = 1 to Nr ) in the frequency domain on the data subcarriers of
the desired user at nth OFDM symbol is
1
(j)
(j)
Yn(j) = Xd,n Hd,n + √ Xi,n Hi,n + Vn(j)
κd

(4)

where κd represents the SIR on data subcarriers. Here, without
loss of generality, we have assumed the number of receive antennas to be Nr = 2. However, the channel estimation method
can also be applied to multiple receivers for Nr > 2. The SNR
per subcarrier is defined (in decibels) as
 


2
2
1
Δ E |Hd | E |Xd |
= 2.
SNR =
(5)
2
E [|V | ]
σ

3 Since

the interference in OFDM cellular systems would most often be from
a single BS, we consider only one significant interfering signal in this paper.
However, the presented approach is also applicable to models where there are
multiple interferers.

OFDM frame structure.

The OFDM frame structure shown in Fig. 2 is similar to the
IEEE 802.16d/e WMAN standard [1] and is briefly described
as follows. At the start of every OFDM frame, a preamble
symbol is transmitted from all BSs. Assuming BSs with a
single transmit antenna,4 the three BSs (one per sector) are
allocated orthogonal equispaced subcarriers for the preamble
(i.e., preamble symbol is based on 1/3 reuse design). Let Kpre
represent the number of subcarriers allocated with the set Ipre
indicating the subcarrier positions for the desired transmitter.
The remaining OFDM symbols in the frame contain pilot
subcarriers in reuse-1 mode that is “shared” by all BSs for
channel tracking (that is, the pilot subcarrier positions fully
overlap in the frequency domain). Let Kp represent the number
of pilots with the set Ip indicating their subcarrier indexes. For
a fixed number of pilot subcarriers in an OFDM symbol, it has
been shown that the MSE in the channel estimation is minimum
if the pilots are equispaced and equipowered on the frequency
grid [19], [20].
III. P ARAMETRIC C HANNEL E STIMATION U SING
D ELAY S UBSPACE S TRUCTURE
Channel “sounding” on the downlink is carried out by inserting pilot subcarriers in the time–frequency grid. In conventional
channel estimation, the estimates on the pilot subcarriers are
then interpolated over data subcarriers. Since the preamble
symbol is reuse 1/3, it is possible to estimate the channel desired
and the interfering channels without any interference. The
OFDM symbols following the preamble symbol also carry pilot
subcarriers to enable channel tracking in fading environments.
However, the pilot subcarrier positions of the desired and
interferer BSs overlap, and the channel estimated at the edge
of the cell can be very erroneous and cannot be used for data
detection. To combat interference on pilot carriers, the use of
PR pilot sequences from the desired and interferer BSs has been
proposed in [1] and [29]. Due to channel distortions (introduced
by multipath channel), the pseudoorthogonality between the
pilot sequences is lost. While this gives some CCI mitigation,5
such schemes may not give an acceptable performance when
4 The proposed method is extendable to multiple transmit antennas too, but
we do not discuss it here for brevity.
5 CCI mitigation on channel estimates is possible, provided that the CCI is
weak, and/or the number of pilots is much larger than the channel impulse
response length.
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interference is strong. Henceforth, we will refer to such a
channel-estimation method as the PR pilots with modified leastsquares processing (PR-mLS) technique.
In this paper, we propose to transmit the same pilot sequences
from both the desired and the interferer BSs to measure the statistics of the combined channel. From the estimated statistics,
the proposed method computes the multipath delays of both
desired and interfering channels at the receiver. Exploiting this
information, the desired and interfering channels are estimated
and tracked.
The proposed channel estimation method involves the
following:
1) estimating multipath delays;
2) identifying the desired and interfering multipath delays,
i.e., tagging the estimated delays using preamble symbol;
3) interference rejection and channel interpolation for both
desired and interfering channels.
Considering the pilot subcarrier positions on the jth receive
antenna, we have (the pilot vector is denoted by “overbar”)

the computationally efficient estimation of signal parameters
using the rotational invariance method (ESPRIT) algorithm can
be used for DOA estimation [21]. In the parametric channelestimation problem, the signal space spanned by the pilot
channel estimates exhibits this shift-invariance property.
In estimating the autocorrelation matrix, we exploit the eq (j) whose
uispaced pilot structure in deriving subarrays from H̄
n
correlation matrices span the same signal space [23]. Let Ks
denote the subarray size, and let Ns denote the number of
such subarrays in an OFDM symbol. The spatially smoothed
autocorrelation matrix has the form

1
(j)
(j)
(j) (j)
Ȳn(j) = X̄d,n H̄d,n + √ X̄i,n H̄i,n + V̄n(j)
κp

∗

 sfb = Rs + JRs J
R
2

−1


H
N Ks
2
1 
 (j) H̄
 (j)
H̄
n,i
2N Ks j=1 n=1 i=1 n,i

(9)

 (j) , which is a K × 1 vector, is the ith subarray dewhere H̄
s
n,i
(j)

rived from H̄ . Combining forward–backward averaging with
n

spatial smoothing, we have

(6)

where κp denotes the SIR on pilot subcarriers.
To estimate the channel multipath delay locations of the desired and interfering channels, the same pilot symbols are sent
from both transmitters, i.e., X̄d,n = X̄i,n with the pilot symbol
energy |X̄k (n)|2 = 1. In 802.16d/e, pilots are unique to every
cell, i.e., X̄d,n = X̄i,n , whereas we are proposing the use of the
same pilots from both desired and interferer BSs. It will be seen
later that, with the use of the same pilot sequences, it is possible
to effectively mitigate CCI in the multipath delay domain. The
least-squares (LS) channel estimates on pilot subcarriers [13]
are given by

 (j) = X̄(j)
H̄
n
n

s =
R

(10)

where J is the exchange matrix (square matrix with
1’s on the anti-diagonal elements and 0’s otherwise). As
 sfb converges to
N → ∞, the autocorrelation matrix R
(j)
(j)
2
 (H̄
 )H ] = R+σ 2 I. The eigenvalue decom1/2 j=1 E[H̄
i
Kis
position of R = l=1 λl ul uH
l , where λ1 ≥ λ2 ≥ · · · ≥ λKs .
The delay subspace of Rsfb is spanned by Us = [ul , u2 , . . . ,
uL ], and the corresponding noise subspace is spanned by
Gn = [uL+1 , . . . , uKs ].
A. Estimation of Multipath Delays

Ȳn(j)


√
(j)
(j)
(j)
= H̄d,n + (1/ κp )H̄i,n + X̄d,n

−1

V̄n


√
(j)
(j)
(j)
= F̄d hd,n + (1/ κp )F̄i hi,n + X̄d,n

−1

(7)
V̄n

(8)

 ∼CN (0,σ 2 I
V̄n
Kp )

where F̄d and F̄i are the submatrices derived by retaining
rows corresponding to pilot subcarrier locations in Fd and Fi ,
respectively. The matrices Fd and Fi are constructed as in
(2) with multipath delays {τd } and {τi }, respectively. Since
we have assumed that the multipath delays of the desired and
interferer channels do not overlap, the matrices Fd and Fi share
no column in common.
The first part of the algorithm is estimating the multipath
delay locations of the channels involved in (7). This equation
can be viewed as the output of a sensor array with L farfield narrow-band sources. The problem of multipath delay
estimation in (7) is equivalent to the direction-of-arrival (DOA)
estimation of different narrow-band sources. If the observed
signal space exhibits the required shift invariance property, then

The steps involved in multipath delay estimation are described as follows:
 sfb =
1) Perform
eigenvalue
decomposition:
R
Ks 
H



l u
 l , with λ1 ≥ λ2 ≥ · · · ≥ λKs .
l=1 λl u
2) The number of paths is estimated as the number of dom sfb . The estimated eigenvalues are
inant eigenvalues of R
compared with the scaled noise variance ησ 2 , and those
eigenvalues that exceed the scaled noise variance are
 be the number of dominant
counted as dominant. Let L

eigenvalues of Rsfb .
 dominant
3) Use the eigenvectors corresponding to the L
s =
eigenvalues to form the delay subspace basis U
2, . . . , u
 L̂ ].
[
ul , u
 1, U
 2 from U
 s as
4) Derive the shift invariant subspaces U
 2 = [0K −1×1 IK −1 ] U
 1 = [IK −1 0K −1×1 ] U
 s and U
 s.
U
s
s
s
s
Z1

Z2

 1 Φ.
2 = U

 using U
5) Solve for Φ
 Then, the multipath
6) Let ρl denote the lth eigenvalue of Φ.
delays are estimated as
τl =

arg {ρ∗l } KT
,
2πP

 − 1.
for l = 0, 1, . . . , L
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In (11), arg{ρ∗l } denotes the phase angle (in the range
[0, 2π)), and P denotes the shift (in subcarriers) between
 2 , which is same as the pilot spac 1 and U
the subspaces U
ing between the pilots in the subarrays. Note that the angle
wraps around with a period of 2π. Therefore, the maximum
multipath delay that can be estimated without aliasing is
KT /P , and hence, we require KT /P ≤ τmax , where τmax =
 is
max{{τd }, {τi }}. In addition, note that the solution for Φ
unique only when Ks ≥ L + 1 ([24, pp. 1170–1171]). Given
K and Kp , it is possible to construct subarrays with different
P and Ks . Note that the pilot spacing P and the subarray size
Ks fix the number of subarrays Ns . The MSE analysis of the
estimated multipath delays is provided in Section V. In the
subsequent section, we discuss the effect of subarray length on
the MSE of the multipath delays.
The next stage of the algorithm is identifying the multipath
delays corresponding to the desired and interfering channels.
Since the preamble is 1/3 reuse, it is possible to estimate the
channel frequency response without interference on a set of
carriers with indexes Ipre . The “interference free” channel estimates derived from the preamble corresponding to the desired
BS are projected onto the combined basis derived from the
−1
estimated multipath delays {
τl }L
l=0 . The contribution along
different basis vectors is then used to separate the multipath
delays corresponding to the desired and interfering channels.
 (j) , which is a Kpre × 1 vector, represent the
Let H
p,d
“interference-free” channel estimates corresponding to the desired transmitter derived from the preamble symbol received
from the jth receive antenna. The interference- free channel
 (j) are projected onto the combined Fourier basis
estimates H̄
p,d

derived from the estimated multipath delays as follows:

 (j) = F
p
HF
h
p
p,d

−1

HH
 (j)
F
p
p,d

(12)

p is a Kpre × L
p,d ]k,l= exp(−j2π
 matrix with [F
where F
τl Ipre,k/
 The vector
KT ) for k = 1, 2, . . . , Kpre and l = 1, 2, . . . , L.
 (j) along different ba (j) represents the components of H̄
h
p,d
p,d
sis vectors associated with multipath delays. The projections
 (j) |2 that exceed εκp are counted as dominant, where ε
|h
p,d
(j)
 (j) × 1
is the user-defined parameter. Let Td (which is a L
d
vector) denote the indexes of multipath delays corresponding to
(j)
dominant projections. The set Td represents the indexes of the
−1 .
desired multipath delay locations in the combined set {
τ }L
l l=0

Similarly, the multipath delay indexes of the interfering channel
can be found.
(j)
 (j) × 1 vector) represent the indexes
Let Ti (which is a L
i
of the multipath delay locations of the interfering channel in the
combined set of multipath delays. The delay index information
can be updated over time for every received preamble.

are estimated by projecting the pilot channel estimates onto the
Fourier basis as follows:

Once the multipath delay locations of the desired and interfering channels are known, the delay-domain channel gains

 H F̄

F̄
c
c

−1

 H H̄
 (j)
F̄
c
n

(13)


 ] =
 matrix with [F̄
where F̄
is a Kp × L
c
c k,l
for
k = 1, 2, . . . , Kp
and
exp(−j2π
τl Ip,k /KT )

l = 0, 1, . . . , L − 1. The desired channel impulse response
(j)
 (j)
estimates are the components of h
c,n with indexes Td , i.e.,
(j)
 (j)
 (j) = h
h
c,n (Td ). The interfering channel impulse response
d,n
(j)
 (j)
estimates are the components of h
c,n with indexes Ti ,
(j)
(j)
(j)
 =h
 c,n (T ). Finally, we derive frequency-domain
or h
i,n
i
channel estimates on the subcarriers of the desired and
interfering BS using
 (j)
 dh
 (j) = F
H
d,n
d,n

(14)

 (j)
 ih
 (j) = F
H
i,n
i,n

(15)

 d is a Kd × L
 d ]k,l =
 (j) matrix with [F
where F
d
(j)
exp(−j2π
τl Id,k /KT ) for k = 1, 2, . . . , Kd and l ∈ Td , and
 i ]k,l = exp(−j2π
 i is a Kd × L
 i matrix with [F
τl Ii,k /KT )
F
for k = 1, 2, . . . , Kd and l ∈ Ti . The channel estimates
 (j) can further be improved by exploiting the time
 (j) , H
H
i,n
d,n
 (j) and h
 (j) ,
correlation of the temporal channel estimates h
i,n
d,n
respectively, of the finite-impulse-response (FIR) filter. The
coefficients of the FIR filter are derived using Weiner filter
theory [25].
IV. S YMBOL D ETECTION W ITH M ULTIPLE R ECEIVERS
To show the importance of the proposed channel-estimation
method, we consider the effect of channel estimation on two
different symbol detection techniques that are possible with
diversity-spaced receive antennas. The data symbols are detected by linearly combining the outputs of multiple receive antennas. The accuracy of channel estimation plays an important
role in defining an efficient linear combiner. It is clear from
the simulations provided in Section VI for high-interference
scenarios that the proposed channel-estimation method clearly
outperforms the mLS-based method at all SNRs.
A. Minimum Mean Square Error Diversity Combiner
The diversity combiner (DC) reduces the MSE between the
transmitted and estimated symbols. The MMSE-DC requires
and takes the form of [6], [25]
d,k (n) = wkH (n)Yk,n
X
(1)

B. Interference Rejection and Channel Interpolation



 (j) =
h
c,n

where Yk,n = [Yk (n)
wn (k) is derived as

(16)

(2)

Yk (n)]T , and the weight vector

wn (k) = Rn (k)−1 Hd,n (k)
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with Rn (k) = Ec [Yk,n (Yk,n )H ], where Ec represents the conditional expectation given the channel parameters corresponding to both desired and interferer. Observe that MMSE-DC
needs the desired channel and interferer channel information.
It is to be noted that in the absence of interference, the maximal
ratio combining and the MMSE-DC are equivalent.
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perturbation theory of subspaces. The MSE expression derived
here follows the procedure given in [32] and [34].
From [33] and [34], the error in the estimation of the lth
eigenvalue in (11) Δρl = ρl − ρl is expressed as a function of
errors in delay subspace ΔUs as
+
H
Δρl = μH
l U1 (Z2 − ρl Z1 )GG ΔUνl

(21)

To combat the interference with multiple receivers, an
interference-nulling (zero-forcing) combining solution can be
derived. The set of equations on the kth subcarrier in (4) for
j = 1, 2 can be written as

where μH
l and νl are the left and right eigenvectors of Φ
corresponding to the eigenvalue ρl , such that μH
l νl = 1, and
 s . The first-order perturbation of the errors
ΔU = Us − U
in the estimated signal eigenvectors projected onto the noise
subspace space is given by [32]

Yk,n = Hk,n Xk,n + Vk,n

 sfb R+ Us .
GGH ΔUs = GGH R

B. Interference Nulling Combiner

where


Hk,n =

Hd(1) ,k (n)
Hd(2) ,k (n)

Hi(1) ,k (n)
Hi(2) ,k (n)

(18)

Substituting (22) in (21), we can write the error in the lth
eigenvalue as



 sfb ηl
Δρl = ζlH GGH R

Xk,n = [ Xd,k (n) Xi,k(n) ]
T

Vk,n = Vk1 (n) Vk(2) (n) .
An equalizer is defined to null the effect of interference at the
receiver, i.e., we design an equalizer Gk,n such that
H
Hk,n = [1
Gk,n

0]

(19)

and an estimate of the desired symbol is given by
d,k (n) = G H Yk,n .
X
k,n

(22)

(23)

+
+
where ζlH = μH
l U1 (Z2 − ρl Z1 ), and ηl = R Us νl . It is clear
that η is in the signal subspace Us . It has been shown in [34]
that the vector ζl is in the noise subspace G, which implies that
ζlH GGH = ζlH .
The MSE in the estimate of the lth eigenvalue ρl is given by


∗


 sfb ηl ζ H R
 sfb ηl
= Γζl ζl ηl ηl (24)
E |Δρl |2 = E ζlH R
l

where
(20)

Observe that similar to MMSE-DC, the interference nulling
combiner (INC) also requires the channel state information of
both desired and interferer channels.
In the next section, we derive analytical expressions for the
MSE of the multipath delay estimates.

Γαβγδ =

γ H Θαβ δ
4N Ns2

(25)

and Θαβ = Θ1 + Θ2 + Θ3 + Θ4 , where α, β, γ, and δ are
Ks × 1 vectors, i.e.,
Θ1 =

Ns 
Ns


(αH Rpq β)Rqp

p=1 q=1

V. MSE A NALYSIS OF M ULTIPATH D ELAYS
Here, we derive the expressions for the MSE of multipath
delays estimated from the ESPRIT algorithm. As mentioned
earlier, the problem of multipath delay estimation is equivalent
to DOA estimation in array processing. The statistical performance of the ESPRIT-based DOA estimator is discussed in
[34]. The MSE analysis provided in [34] exploits no autocorrelation smoothing in estimating the DOA. It is observed that with
a uniform linear array, exploiting smoothing methods such as
spatial smoothing and forward–backward averaging in estimating the autocorrelation matrix gives a significant improvement
in the convergence performance of the DOA estimators [22].
Multipath delay estimation using ESPRIT involves finding
eigenvalues {λ} of the Φ matrix, as explained in Section III-A.
Due to the finite averaging effects, the autocorrelation matrix R
and, hence, the multipath delays {τ } are estimated in error. A
closed-form MSE expression for the multipath delays estimated
from the erroneous autocorrelation matrix is derived in [32]
and [34]. The analysis is carried out by using the first-order

Θ2 =

Ns 
Ns


JRTpq α∗ β T JRqp

(26)

p=1 q=1

Θ3 =

Ns 
Ns




αH JRTqp Jβ JRTpq J

p=1 q=1

Θ4 =

Ns 
Ns


Rqp Jα∗ β T RTpq J

(27)

p=1 q=1

and Rpq is the Ks × Ks correlation matrix between the pth

 (j) (H̄
 (j) )H ]. The
and qth subarray, i.e., Rpq = 1/2 2j=1 E[H̄
p,n
q,n
MSE in the lth multipath delay Δτl and the MSE in the lth
eigenvalue Δρl are related by [33]


E (Δτl )2 =



K
2πP

2

(Γζζηη − {Γζηζη }) .
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The total MSE in the multipath delay estimate is defined as
MSE(τ ) = L

L




σl2 E (Δτl )2

(29)

l=1


2
where σl2 is the variance of the lth path with L
l=1 σl = 1.
Given the system parameters, MSE(τ ) can analytically be
evaluated by using (28).
A. Discussion on the Choice of Subarray Size
In Section III, we have seen that dividing the pilot channel
estimates into a number of subarrays increases the autocorrelation averaging, which helps in multipath delay estimation.
In this section, we discuss the effect of subarray size on
the MSE of the multipath delay estimate. The MSE of the
multipath delay estimate is a function of the subarray length.
It is clear from array processing theory that, to estimate the
multipath delays of a channel with L paths, the minimum
length of subarray required is L + 1 ([24, pp. 1170–1171]).
To improve the autocorrelation estimation, it seems obvious to
choose subarrays of minimum lengths, since it offers greater
autocorrelation averaging. However, the minimum subarray
sizes may not always result in minimum MSE(τ ), as MSE(τ )
also depends on the eigenvalue spread of the autocorrelation
matrix R, as reflected in (22). The expression for perturbation
in the signal subspace as in (22) involves the pseudoinverse of
the R matrix, and hence, the perturbation will be more when the
eigenspread of the matrix R is large. The eigenvalue spread of
the autocorrelation matrix is a function of frequency selectivity
of the channel over the length of subarray and, hence, is a
function of the channel delay spread. For smaller subarray sizes
(Ks ≥ L + 1), the eigenvalue spread is very large and results in
a larger MSE(τ ). However, with the increase in subarray length,
the eigenvalue spread decreases, and hence, MSE(τ ) decreases.
The simulation and analytical results related to the MSE of the
multipath delay estimator MSE(τ ) are provided next.
VI. R ESULTS AND D ISCUSSION
The performance of the proposed estimator is also evaluated using computer simulations. An OFDM system is simulated with the following parameters [1]: center frequency
fc = 2.2 GHz, bandwidth B = 1/T = 5 MHz (where T is the
sampling time), total number of subcarriers used K = 512,
number of useful subcarriers Ku = 420, duration of the cyclic
prefix Lcp T = 12.8 μs (64 samples), and Ts = (K + Lcp )T
is the OFDM symbol duration. Each transmitter is allocated
Kpre = 420/3 = 140 nonoverlapping equispaced subcarriers
over the preamble symbol, and the subsequent data symbols
are allocated Kp = 53 pilots (with reuse-1). The desired user
is allocated 50 data subcarriers over the downlink. The userdefined parameters are set at η = 1.2 and ε = 0.05. The subarray size and the number of subarrays are given by Ks = 30 and
Ns = 23, with the pilot spacing in the subarray being P = 8.
Each OFDM frame consists of 50 OFDM symbols. A preamble
symbol is transmitted at the start of every frame and is followed

Fig. 3. Plot comparing the simulated and analyzed MSE(τ ) for autocorrelation averaging over 50 OFDM symbols.

Fig. 4.

MSE(τ ) convergence plot with different autocorrelation averaging.

by data symbols. In all our simulations, the channel pdp is
assumed to be exponential with pdp(τ ) ∝ exp(−0.1τ ).
We have considered a four-tap channel with Rayleigh coefficients for the desired and interferer signals with multipath delays uniformly distributed over [0 7.2 μs] (exponential pdp).
The maximum delay difference between the desired signal
and the interferer signal is within the duration of the cyclic
prefix. The nonoverlapping multipath delays are randomly
generated. For the simulation results provided in Figs. 3–9,
the multipath delays are randomly generated with a minimum
spacing of 0.25T between any two paths. However, we have
also presented the MSE and bit error rate (BER) results when
the minimum spacing between randomly generated delays is
progressively reduced to zero.
The pdp of the channel is assumed to be exponentially
decaying. The channel paths independently fade according
to Jakes’ power spectrum [28]. The normalized fade rate
is fd Ts = 0.006 (vehicular speed = 10 m/s). A four-tap FIR
filter designed with exact knowledge of the Doppler power
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Fig. 5.

MSE(τ ) as a function of subarray length Ks .

Fig. 6. MSE convergence plot comparing the proposed SS method with the
PR-mLS-based method.
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Fig. 8. MSE convergence plot for the proposed SS method for different
multipath delay spacing δτ .

Fig. 9. Coded BER performance comparison for different multipath delay
spacing δτ .

spectrum is used to exploit the time correlation in the channel
(it is found that increasing the filter length greater than 4
gives a rather negligible improvement in MSE performance
[31, pp. 535–539]).
The performance of the algorithm is evaluated using MSE
and BER by averaging over channels with different multipath
delay locations. For the coded OFDM system, the input bits
are encoded with rate 1/2 parallel concatenated convolutional
turbo codes, as explained in [1, Sec. 8.4.9] and then modulated
using the QPSK scheme. The synchronous interferer signal is
also assumed to be QPSK modulated. The channel MSE is
defined as (for some n)
MSE =


2
2 
1 
 (j)
 (j) (k) .
E Hd,n (k) − H
d,n
2Kd j=1

(30)

k∈Id

Fig. 7. Coded BER performance comparison of the different channel estimation techniques for κp = 0 dB.

Fig. 3 shows the MSE performance of the multipath delay
estimator for N = 50 symbols. The analytical MSE, as derived
from (28), considers first-order perturbation analysis and independent channel realizations. However, in the simulations,
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the multipath delays are estimated from the correlated channel
with a normalized fade rate of fd Ts = 0.006. We observe
here that the simulated MSE is around 5 dB away from the
analytical MSE. Fig. 4 compares the simulated and analytical
MSE convergence performance for different N with the SNR
fixed at 15 dB. For a satisfactory system operation, we can fix
MSE(τ ) and then decide the number of symbols required for
averaging.
In Fig. 5, the effect of the subarray size as the multipath delay
MSE is presented. The simulation and analysis are carried out
at 15-dB SNR. The MSE difference between the simulation
and the analysis is due to the fact that the analysis uses firstorder perturbation theory and independent channel realizations
in deriving a closed-form expression for MSE(τ ). The subarray
length is varied from L + 1 = 9 to Kp = 53. The MSE(τ )
initially reduces with the increase in subarray length and then
floors at approximately −40 dB over a range of subarray lengths
(between 25 and 45 in the plot). To demonstrate the effect of
delay spread on the choice of subarray, we have considered a
channel with a relatively smaller delay spread. In Fig. 5, we
refer to the eight-path channel with delay spread [0 3.2 μs]
(exponential pdp) as channel (a) and the eight-path channel
with delay spread [0 7.4 μs] (exponential pdp) as channel (b).
Since the eigenvalue spread of the sampled Fourier transform
matrix reduces with the increase in channel delay spread,
the MSE(τ ) for the large delay spread channel [channel (b)]
reduces at a faster rate compared with that for a smaller delay
spread [channel (a)]. The increase in MSE(τ ) for large subarray
lengths is due to the lack of autocorrelation averaging. Note that
this is more evident in the simulation, since the channel taps
are correlated in time. This plot helps us in fixing the subarray
length given the channel delay spread. In further simulations,
we fix the subarray length to be Ks = 30, and the number of
OFDM symbols for autocorrelation averaging is taken to be
N = 50.
Fig. 6 compares the MSE performance of the proposed
subspace (SS) method and the PR mLS (PRmLS) pilot databased channel-estimation methods with CCI with pilot SIR
κp = 0 and 6 dB. The MSE is evaluated after averaging the
autocorrelation over n = 50 OFDM symbols. The performance
of the PRmLS-based method is evaluated based on the channel interpolation method, as explained in [25]. Note that the
channel estimates derived from the preamble symbol become
obsolete with time due to Doppler. Hence, for the OFDM
symbols that are away from the preamble symbol (in the frame),
the channel is only estimated from 53 pilots. Therefore, it is
observed that PRmLS suffers from an irreducible error floor.
The loss in performance of the PRmLS method is due to the
following:
1) interference from other BS;
2) interpolation errors due to the nonsampled nature of
the channel, which are introduced by the DFT-based
interpolators.
The plot shows a significant improvement in performance
of the subspace-based channel estimation technique over the
PRmLS-based method. The subspace-based method estimates
the multipath delay locations of the desired and interferer

channels and projects the pilot channel estimates onto the
basis derived from the multipath delay information. Since the
multipath delay locations of the desired and interferer channels
are assumed to be different, high-quality channel estimation
is possible. The delays are tagged using only one preamble
symbol transmitted at the start of the frame. We have also
plotted the MSE for the receiver with ideal multipath delays
and ideal delay tagging. It is clear that the MSE of the proposed
method follows the MSE with ideal delays for the operating
SNR region. The effect of interference on MSE dominates
over noise at higher SNR regions and, hence, the MSE of the
subspace-based method floors. The effect of interference on
MSE is a function of the minimum separation between the
multipath delays and is discussed in detail in Fig. 8.
Fig. 7 compares the performance of channel estimation techniques for a coded OFDM system. The pilot and data SIRs
are set at κp = 0, κd = 0, 6 dB. It is clear from the plot that
the MMSE-DC detection scheme using the channel estimates
obtained from the proposed SS-based method outperforms the
other schemes. Since INC is the zero-forcing solution, the
performance remains unchanged with the SIR variation on
the data carriers. The PRmLS-based detection method completely fails due to its inability to estimate the channel with
severe interference.
Figs. 8 and 9 provide the MSE and the coded bit error probability performance by varying the minimum spacing between
the paths of the desired and interferer multipath delays (δτ )
for κd = 0 dB. The multipath channels were generated using
an exponential power-delay profile. The multipath delays of the
desired and interferer channels were randomly generated over
the interval ([0 7.4 μs]) such that their minimum delay spacing is maintained. An MMSE-DC-based receiver is used for the
simulations. The MSE of the channel estimates is a function
of noise and interference, and the closer the multipath delays
of the desired and interferer channels, the more the effect of
interference on the channel estimates. This is due to the
nonorthogonality of the delay subspaces spanned by the desired
and interferer channels.6 However, observe that when the minimum spacing between the multipath delays δτ is made large,
the delay subspaces become “nearly” orthogonal, and the error
due to interference decreases. Note that even with a minimum
spacing of δτ = 0, we are able to achieve a better performance
compared with the PRmLS method.

VII. C ONCLUSION
We have presented a novel subspace-based channel estimation and tracking method in the presence of strong CCI for
cellular reuse-1 OFDM systems such as the IEEE 802.16d/e
WMAN [1]. In such reuse-1 systems, the pilot subcarrier
positions of the desired and interferer BSs overlap, which
severely corrupts the channel estimates, particularly for users
at the sector or cell edge. While the use of PR pilot sequences
for interference rejection is proposed in [1], this results in an
6 For sample-spaced channel models with distinct multipath delays, the delay
subspace spanned by the desired and interferer channels are orthogonal.
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irreducible channel-estimation error, resulting in severe degradation in the BER performance when the interference is strong.
The proposed channel estimation method can estimate and
track both desired and interfering channels with a significantly
lower MSE, provided that the multipath delay locations of
the desired and interferer channels do not exactly overlap. We
assume that the time-of-flight difference between the desired
and interfering signals ensures that the multipath locations of
the corresponding channels are distinct. Moreover, simulation
results are provided with randomly generated multipath delays
with their minimum separation equal to zero to show the
efficacy of the proposed method. We have analytically derived
the MSE expression for the estimated multipath delays and
found that the simulation and analysis closely matches. Given
the approximate pdp, the MSE analysis of the multipath delays
can help in reducing the receiver complexity by minimizing
the subarray length for satisfactory system performance. The
simulation results provided indicate that accurate channel estimates can greatly improve the error rate performance when
interference-suppressing detectors are employed.
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