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Abstract—In this paper, we present a novel approach for pilot-
aided channel estimation in OFDM systems with synchronous
co-channel interference. The estimator is derived based on
the Kullback-Leibler divergence minimization framework. The
obtained solution iteratively updates both the desired user’s and
the interferer’s channels, using a combination of linear mini-
mum mean squared-error (LMMSE) filtering and interference
cancellation, avoiding the complex matrix inversions involved in
the full LMMSE channel estimation approach. Estimation of
the noise variance is also included in the iterative algorithm,
accounting for Gaussian noise and residual interference after
each iteration. The estimates of both channels are used at the
equalizer to reject the interfering signal, thus mitigating the
degradation due to co-channel interference. Simulation results
show that the receiver using the proposed estimator performs as
good as the one employing the full LMMSE estimator and very
closely to a receiver having perfect knowledge of the channel
coefficients.

I. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) has
become the selected transmission technique for several recent
wireless standards, such as the IEEE standard for local and
metropolitan area networks (better known as WiMAX) [1],
or the 3GPP UTRA Long Term Evolution (LTE) [2]. Its
ability to cope with time-dispersive channels while allowing
for receivers with low complexity, its ability to easily integrate
multiple antenna techniques and its flexibility in terms of
bandwidth usage and resource allocation are some of the
advantages that have motivated its selection.

In OFDM, the transmission bandwidth is divided into multi-
ple narrowband subcarriers. By the addition of a proper cyclic
prefix (CP), these subcarriers become fully orthogonal and
experience frequency flat fading conditions in time-invariant
channels [3]. This allows for simple equalization of the signal
at the receiver, while keeping a high spectral efficiency due
to the use of orthogonal overlapping subcarriers. In OFDM
systems with frequency re-use, however, the signal transmitted

from other cells may create co-channel interference which, if
not correctly treated, can induce a severe degradation of the
receiver performance, especially at the cell edge.

Much work has been done in interference cancellation
techniques for OFDM, as in [4]-[6]. These methods, however,
assume perfect knowledge of the channel at the receiver.
In [7], a minimum mean-squared error interference rejection
combiner (MMSE-IRC) for OFDM receivers with multiple
antennas is proposed. The combiner parameters are estimated
using a discrete-Fourier-transform-based robust MMSE instan-
taneous correlation estimator, which is therefore sensitive to
the leakage effect [8] when the channel delays are not perfectly
aligned with the receiver sampling grid.

In this work, we propose a pilot-aided channel estimator
for OFDM systems with severe synchronous co-channel inter-
ference in both the data and pilot subcarriers. The estimator
is derived by applying the Kullback-Leibler (KL) divergence
minimization (DM) approach, which was presented in [9] for
multiuser detection in a code-division multiple access system.
Our proposed scheme is able to estimate the desired user’s and
the interferer’s channels based on merely the signal received at
pilot subcarriers. The estimates are then used in a MMSE-IRC
combiner, effectively mitigating the effect of the interference.
A similar problem was studied in [10]. The solution proposed
there, however, requires a preamble in which no interference is
present at the pilot subcarriers. Our estimator, on the contrary,
can effectively separate and estimate both channels when the
pilot signals of the desired user and the interferer overlap in
frequency for every OFDM symbol.

The remainder of the paper is organized as follows. The
signal model for our considered system is presented in Sec-
tion IL. In Section III, the DM framework is briefly introduced,
and the channel estimator is derived. The performance of the
estimator is assessed by means of Monte-Carlo simulations
in Section IV. Finally, some concluding remarks are given in
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Fig. 1. Block diagram of the transmitters.
Section V.

The following notation will be used throughout the paper.
Vectors are represented by boldface lowercase letters, while
matrices are denoted as boldface uppercase letters; ()7 and
() denote respectively the transpose and conjugate transpose
of a vector; tr{-} denotes the trace operation, and diag{x}
represents a diagonal matrix with the elements of vector x;
z  y denotes direct proportionality, i.e., x = ay, and x x° y
denotes exponential proportionality, i.e., exp[z] = exp[3 + y],
for arbitrary constants « and ; finally, E,_{f(x)} represents
the expectation of the function f(x) with respect to the
probability distribution ¢, (x) of x.

II. SIGNAL MODEL

We consider an OFDM system with single transmit antenna
and one interferer, as depicted in Fig. 1. The first transmitter
represents the user of interest, while the second transmitter
represents a synchronized interferer transmitting in the same
time-frequency resources. The information bits b,,(k), m =
1,2, k=0,..., N, —1 are coded, yielding a stream of coded
bits ¢, (k), k =0,..., N.— 1. These are modulated onto a set
of QAM symbols g, (k), k =0,...,Ng — 1 to be mapped
onto an OFDM block. The number of subcarriers used for
data transmission in an OFDM block is N; = N./M, N,
being the number of coded bits transmitted in one OFDM
block and M being the modulation order. The data symbols are
then multiplexed with a sequence of pilot symbols x, ,(k),
k=0,...,N, —1, N, being the number of pilot subcarriers
per block. We assume that pilot symbols are allocated to the
same subcarriers at both transmitters. The resulting sequence
of symbols z,,(k), k =0,..., N, — 1 is then mapped to the
N, = Ng + N, active subcarriers of the OFDM system and
transmitted through the wireless channel after insertion of a
cyclic prefix (CP). We assume in this work that the CP is long
enough to cope with the time dispersion in both the desired
and interfering channels.

The structure of the receiver is shown in Fig. 2. We assume a
receiver with two antennas. The extension to a higher number
of antennas is straightforward. After FFT and CP removal, the
received signal at the k" subcarrier of the n* antenna port
is given by

(k) = z1(k)hn1 (k) + z2(k)hn2(k) +w,(k), (1)

Rx 1 ri(k) 1 1(k)
Channel
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Fig. 2. Block diagram of the receiver

where w, (k) is additive white Gaussian noise (AWGN) with
variance o2 and hy., (k) represents the frequency-domain
channel gain from transmitter m to receive antenna n at the k*”
subcarrier. In (1), we assume that the channel response is static
during one OFDM block. Hence, full orthogonality between
subcarriers is achieved. The received signal at antenna port n
for all subcarriers can be re-written in matrix-vector notation

as

r, = thnl + X2hn2 + wy, (2)
with r, = [rn(0) -+ rp(Ny — 1)]Ts hy, m =
[Prvm (0) -+« By (Noy, — 1)]Ts Wn = [0, (0) - - wp (Ny — 1)]T

and X,, = diag{[x,(0) - 2, (N, — 1)]} being a diagonal
matrix containing the transmitted symbols.

The demultiplexer following the FFT and CP removal block
separates the signal received at pilot and data subcarriers. The
pilot signals r,,, = [rp.n(0) 7pn(N, — 1)]T are fed to
the respective channel estimator blocks, while the data signals
Tin = [Tan(0) - -ran(Ng — 1)]7 are sent to the equalizer.
Based on the signal received on the pilot subcarriers, the
channel estimation block (which will be explained in detail
in Section III) provides the equalizer with estimates ﬁnm
of the channel frequency responses of both the desired and
interfering channels. Using these estimates and the signal
received at data subcarriers, the equalizer performs MMSE-
IRC filtering to recover the desired transmitted symbols as

B (k) = B (k) (B (R)L(k) + 020)  ralh). )

In the above equation, rq(k) = [ra1(k)raz(k)]T, Hy(k) =
[hg1(k)hg2(k)] and by (k) = [haim(k)ha2m(k)]T, with
hanm(k) denoting the gain of the time-frequency response
of the nm channel at the k" data subcarrier, and I denotes
the 2x2 identity matrix. Finally, the coded bits of the user of
interest ¢; (k) are recovered from the equalized symbols in the
QAM detector and are fed to the channel decoder which yields
the estimates of the information bits by (k).

III. CHANNEL ESTIMATOR

In this section, two channel estimation approaches are
presented. The first one is the LMMSE estimator, which will
be used as a benchmark for the performance evaluation of
our estimator. Next, our proposed channel estimator based on
the DM framework is introduced. The DM principle is briefly
explained, along with the application to our specific scenario.
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More details about the DM framework and its relation to other
known algorithms can be found in [9].

A. LMMSE Channel Estimator

The linear LMMSE channel estimator aims at minimizing
the mean-squared error of the estimate. For the signal model
under consideration, the LMMSE transfer function estimate of
the nl channel reads:

h1 arg Il?illnE{( nl — flnl)H(hnl — flnl)}
nl

H H
- Ehnlhp n.lX ( P,lzhp an

+ Xp,gEhpy,ﬂX + Ewp) Tpn 4)

where X, = E{wpwf} =021, Shoihpm = E{hnlhgnl}
and X, .. = E{h,,hf 1 Note that we assume no
correlation between the channels nl and n2. The estimator
requires the inversion of an N, x NN, matrix every OFDM
symbol, which is normally too complex to compute in a mobile
receiver for a system with a large number of subcarriers. In
the rest of the section, we present an iterative approach which
avoids this matrix inversion.

B. Divergence minimization

Let ® denote a vector including as components all the un-
known parameters to be estimated and p(®|r) be the posterior
probability density function (pdf) of ® given an observation
r. The DM framework approximates p(®|r) by an auxiliary
pdf ¢(®) minimizing the KL divergence [11]

D(o(@)[p@i) & [ dwa@)op 4L

In our application, the parameters to estimate are the
channel responses of the desired and interfering channels,
as well as the inverse of the noise covariance matrix, i.e.,
® = {hy,1,hyn0, 2, }, where 3, = E{w,,w,],}.
The index p indicates that only pilot subcarriers are taken into
account. In order to get a solution that can be computed with
tractable complexity, the auxiliary pdf is assumed to factorize

according to
q(q)) = Q(hp,nla hp,n27 2 L )

Wp,n
= Ghp 1 (hp’nl)th,nz (hp,n2)qE;;‘n (=

The observation is the received signal at the pilot subcarriers,
ie

q(®)

o ). (6)

Wp,n

r=ryn,= Xp,lhp,nl + Xp,th,nQ + Wp.n- (7)

The algorithm iteratively minimizes the KL divergence with
respect to one of the factors in (7), while the other factors are
kept fixed, resulting in an iterative scheme.

Note that the channel estimation process is done indepen-
dently for each of the receive antennas. In the remainder of
the section we therefore drop the receive antenna subindex
n in order to simplify the notation (e.g. h, ; denotes hy, ,,1).
The algorithm is started with initial distributions qg.l(hnl)’

q}[l] ,(hp2) and q[ ] (E;;), and these distributions are suc-

cessively updated accordlng to the updating steps detailed in
the following two subsections.

C. Update of the channel vectors

In this subsection, the derivation of the updating step for
qn, . (hp 1) is detailed. Due to the symmetry of the problem,
the update for g, , (hy 2) is analogous.

To update g, ,(hp1), the distributions q[] ,(hp2) and
q;]_l(E*i) are kept fixed, and ¢, ,(h, 1) is updated by

solving the following problem:

minimize D(th (hy, 1)(]%] (hp2)

q;] 1(Ewp ‘p D, 17h17,27 w |rp)> (8)
subject to fqh h,)dh,; =1

th,l(h p,1 ) > 0.

The distribution q[ . ](hpyl) solving (8) is found to be

ai by 1) o< p(hy 1)
oxp (B {Ejo {logp(m by, =0 ] ©

h
P,2 b
wp

where p(h, 1) is the prior pdf of h, ;. The log-likelihood
function in (9) reads
Ing(rp|hp,1ahp,272_1)
o log 1| - { =51 (r, — X X, 5h, )

(10)

p71hp71 -
(rp = Xpihp1 — Xp72hp,2)H}~

The marginalization of (10) with respect to qﬁfilz(hpg) and

at 1 (3, vields

E

qh,pyg

(5 Lm0}
e _tr{(ﬂ;)lp)mAm}’ (11)

where (Qgi],p)_l 2 E {2;3} and

=
wp

Alil— Xy.1hy1 — X, 2hl)

(rp = Xp1hy 1 — X, 00l L) 74X, 30 X (12)

Details on (Qq[,;]p) and E[ 5 .., are given later on in this sec-
tion. Note that terms 1ndependent of h, ; have been neglected
in the derivation as they do not affect q[lﬂ] (hp1).

For Rayleigh fading channels, the prlor distribution of h, ;
is Gaussian with zero mean and covariance matrix ¥ , =
E{h, b,
obtain an updated distribution, which is also Gaussian, with
pdf:

g by o

eXp [_ (hp,l - hE,Tl])HEE:;l]_ (hp,l

}. Using this prior distribution and (11) in (9), we

~nih3)
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with mean vector

hitl = = (2 XH X |+ Qll )_IXH
pl T “hpa hp143p1 p1t w,p p,1

TS N (14)
and covariance matrix
i+1 — il o\ — -
22:1] = (Ehplyl + (QU,p) lxglxp,l) (15)

By inspecting (14), it is seen that the channel response
updating step has the form of a LMMSE or Wiener filter [12],
applied to the interference-cancelled received signal at pilot
positions. As the interference cancellation is not ideal, the
estimate of the noise covariance matrix Qmp takes into
account both the noise and the residual interference power, in
order to correctly smooth the channel response, as it is shown
in the next subsection.

Note that the update of the channel coefficients in (14)
does only provide estimates of the channel response at pilot
subcarriers. Estimates of the full frequency response at all
active subcarriers are obtained by using

-1
H
Xp,l

hy =X, , (Ehp,1X£1XP’1 + Q%],p)
) (rp - Xpﬂh;[)i,]z)
instead of (14) in the last iteration of the algorithm with
Shin,. = E{bubf] }

(16)

D. Update of the noise covariance matrix
When updating G5! (E;;), the distributions qg;]),l(hp’l)

and q}[;i ,(hyp o) are kept fixed, and the optimization problem

to solve is the following:

minimize D(qﬁiﬁh Dy (hy0)
'qE;; (Ewp ‘ ‘p p.1 hp 2,
subject to [ gy, (B, 1)dE, ! =1
QE,;l(E:u;) > 0.
The solution reads

qgﬂ”(Ew ) o p(E,))

{romptry by 32D} a8)

qu,ﬂrp))

a7

- €xp [Eqm {E (@l
hp1 h
(7]

p and

The marginalization of (10) is taken with respect to h
h[l]

p.2» Tesulting in

£ (e (st s 520}

¢ log [S21| - tr{z;}pBW}, (19)
where
Bl = (r, - X, ;b - X, .0l
- (rp — Xp,lhj[;,]l - Xy, Qh[l] )

+ X130 X 4+ X,,300) X, (20)

By choosing the prior pdf Z;; to be flat, (18) becomes

(e}

which has the form of a Wishart distribution [13] as E;}p ~
W, (Np +2, (B[i])_l). The mean of 3! is therefore

) Bl
i+1y-1 2 F , { —1} -
(up) ™ = By B, (N,,+2>

=

wp

i ELD) o« 55 exp [~ 1)

) O

-1

(22)

In order to simplify the algorithm, it is assumed that Zu,p
represents the covariance matrix of a white Gaussian noise
vector with 31 = diag{s,?,...,0,2}. In this case, the
updated pdf is glven by

4,,2(002) o (03,2 exp | - o e { BU

which is a chi-square distribution [13]. Specifically 0'1;5 ~
X?Vp+2’ and the expectation of a;f is

w{Bi} o

N, +2

(23)

(02) ) = E e {02} = 24

o
wp

E. Implementation Issues

1) Matrix inverse in the update of the channel vectors:
As it can be observed in (14), the inversion of a matrix of
dimensions N, x N, is still required for the update of the
channel coefficients vector. To avoid the matrix inversion, (14)
can be rewritten as:

plitl

1
b =us(s+(.)ly,) Ux,

: (rp — X, hl, )

where X, | = = USU¥ is the singular value decomposition
(SVD) of the channel covariance matrix. We have also made
use of the fact that Xp’lxp,l = I, for constant unit-power
pilots, and the simplification of the noise covariance matrix
introduced in (23) and (24). Note that the matrix to invert is
now a diagonal matrix, which can be inverted with just NNV,
complex operations. Also, in a wide-sense stationary channel,
the prior covariance matrices of the channels will not change
over time, and therefore the SVDs need to be computed only
once for each channel.

2) Initialization: Details on how to update each of the pdfs
have been given previously in this section. An initialization of
them for the first iteration of the algorithm, however, is needed.
In our proposed implementation, the channel responses are
initialized to null vectors, i.e., h[po,]m = 1[0,...,0]7, and
their covariance matrices are initialized to the prior covari-
ance matrices of the channel, Efi,m = X, ,,- As for the
noise variance, it is initialized to the AWGN variance, i.e.,
(022)% = 0,2, In subsequent iterations, this initialization is
updated with the residual interference after the interference
cancellation performed in the updates of the channel response
vectors.

(25)
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3) Updating schedule: Another important aspect having an
impact on the performance of the algorithm is the order in
which the pdfs are updated. So far, no analytical way of
determining the optimal updating order has been found. In
this article, we evaluate the following updating order: g
Ahy 2> q(71;§~

Intuitively, the desired user channel should be as strong
or stronger than the interfering channel, thus it is selected
to be estimated first. Once a first estimate of the desired
channel is available, the interfering channel can be estimated
more accurately. Finally an estimate of the residual noise plus
interference is obtained to improve the channel estimates in
subsequent iterations. Simulation results (which have not been
included here due to lack of space) showed no relevant gain
by updating the reciprocal of the noise variance between the
estimates of the desired and interfering channel. Therefore, this
step is not included in the algorithm, yielding a less complex
scheme with no appreciable loss in performance.

p,1°

IV. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
channel estimator by means of Monte-Carlo simulations. In
order to do so, we define an OFDM system with parameters
inspired by the 3GPP Long Term Evolution (LTE) 5 MHz
downlink physical layer parameters [2]. The system operates
with an FFT size of 512, with 300 active subcarriers, and a
frequency spacing of 15 KHz between them. Pilot subcarriers
are transmitted in every OFDM symbol, with a frequency
spacing of 6 subcarriers (i.e. 300 KHz) between them. Both
the desired and interfering signals have their pilots in the
same subcarriers, and perfect synchronization between the
transmitters is assumed. Hence, pilots of both transmitted
signals overlap in frequency. The pilot sequences are made of
random independent and uniformly distributed QPSK symbols.
The power of the interfering signal is equal to that of the
desired signal, and 16QAM modulation is employed for the
data symbols. A convolutional code is used for channel coding,
with BCJR [14] decoding at the receiver.

Two different channel models are considered, namely the
ITU Indoor Office A channel [15] and the COST 259 Typ-
ical Urban channel [16]. The former channel exhibits a low
frequency selectivity, with a coherence bandwidth of about
3.2 MHz, while the latter has much less coherence bandwidth
of around 467 KHz. Block fading is assumed, with a static
channel response over the duration of an OFDM symbol and
independent realizations between consecutive OFDM symbols.
The same channel profile is assumed for all wireless links
(desired and interfering).

In Fig. 3, the mean-squared error (MSE) of the channel
estimates of the desired and interfering channel versus the
number of iterations of the estimator are shown for the two
considered channels. The MSE of the LMMSE estimator is
also depicted for comparison’s sake. The signal-to-noise ratio
(SNR), which is calculated as the ratio between the desired
signal power and the noise power for each antenna branch,
is fixed to 25 dB. It is observed that the iterative process

—O— Desired Channel TU

— © - Interfering Channel TU
—&— Desired Channel IndA

— B - Interfering Channel IndA

Iteration

Fig. 3. MSE of the channel estimates versus the number of iterations of the
channel estimator at a fixed SNR of 25 dB.

Known Channel
—O— MMSE
—&— DM (5 iter)
—— DM (10 iter)

BER
5
T

Fig. 4. BER performance for an Indoor A Channel.

improves greatly the quality of the estimates, due to the
effectiveness of the interference cancellation and the updating
of the noise covariance matrix, which accounts for both the
AWGN and the residual interference. A lower MSE (about a
7 dB difference) is achieved in the Indoor A channel. This is a
consequence of the lower frequency selectivity, a well-known
result from LMMSE channel estimation. It is also noted that
the convergence rate of the algorithm depends on the frequency
selectivity of the channel as well: while 5 iterations are enough
to achieve convergence in the Indoor Channel, around 10
iterations are needed in the Typical Urban Channel. As the
results show, the DM channel estimator performance converges
to the LMMSE estimator with sufficient number of iterations,
and the number of iterations required for convergence depends
on the frequency selectivity of the channel.

The receiver’s performance is evaluated in terms of bit-
error-rate (BER) in Fig. 4 for the Indoor Office A Channel and
in Fig. 5 for the Typical Urban Channel. Results are shown
for the case where the estimators use 5 and 10 iterations. As a
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Fig. 5. BER performance for a Typical Urban Channel.

reference, the BER of the receiver with perfect knowledge
of the channel is also depicted, as well as the BER of a
receiver using the LMMSE estimator. In the Indoor Channel,
the DM and LMMSE estimators exhibit the same performance.
When compared to a receiver with perfect knowledge of the
channel, a very small degradation in the range of 1 dB is
observed in the high SNR range. Furthermore, as commented
above, the performance of the estimator does not significantly
improve after 5 iterations, with only a very marginal gain
after 10 iterations. In the Typical Urban Channel, a larger
performance deviation from the perfect channel knowledge
results is observed. The degradation ranges from 1.7 dB to
2.4 dB at BER of 10% and 0.1% respectively. However,
the degradation in the high SNR range is relatively small
considering a scenario with such a severe interference. Again,
the performance of the DM estimator is very close to that of
the LMMSE estimator, and only a very slight gain is observed
when the number of iterations of the algorithm is increased
from 5 to 10.

V. CONCLUSION

In this paper, we have presented a novel approach for
channel estimation in OFDM systems with synchronized co-
channel interferers and overlapped pilot symbols. Based on the
KL-divergence minimization principle, an iterative algorithm
for estimation of the channel gains based on the signal
observed at pilot locations has been derived. The resulting
algorithm combines LMMSE channel estimation with suc-
cessive interference cancellation and estimation of the noise
and residual interference power. The effectiveness of the
proposed estimator is assessed by Monte-Carlo simulations.
The results show that our algorithm performs as good as
the full LMMSE channel estimator, with the advantage of
avoiding the cumbersome matrix inversion in the latter. An
overall receiver performance very close to that of a receiver
with perfect knowledge of the channel coefficients is attained,
especially in channels with low frequency selectivity.

To conclude, it is worth remarking that although the es-
timator has been presented and evaluated for an OFDM
system with synchronized co-channel interference, application
to other scenarios could be very advantageous. For instance,
our estimator would allow to reduce the pilot overhead in
a MIMO-OFDM system by placing the pilot sequences of
all transmit antennas in the same time-frequency locations,
instead of having specific locations reserved for each of the
antennas as it is common in current wireless standards, e.g.
LTE.
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