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ABSTRACT

In this paper, we evaluate the performance of subspace based chan-
nel estimation method with multiple receivers in reuse-1 OFDM sys-
tems. Users in reuse-1 cellular network will typically see signal to
interference ratio (SIR) nearly 0dB on the broadcast pilot subcar-
riers. Good channel estimation and tracking become very difficult
for the interference limited users. The improved channel estima-
tion method adopted in this paper assumes the multipath delay lo-
cations of the desired and the interferer channels do not overlap.
Exploiting this information, it is possible to define a channel esti-
mator/interpolator with a lower mean squared error compared to the
conventional channel estimation techniques. The impact of the im-
proved channel estimation method on the coded bit error rate (BER)
performance of reuse-1 OFDM systems with receive diversity is pre-
sented through computer simulations.

1. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) has received
considerable interest for its ability to mitigate frequency selective
fading. OFDM based cellular systems are expected to be frequency
reuse-1. The reuse-1 systems suffer from co-channel interference
(CCI) which degrades the system performance significantly. In or-
der to combat CCI for OFDM systems, antenna array based CCI
suppression schemes are proposed in literature [1, 2, 3]. These tech-
niques linearly combine different antenna outputs in order to esti-
mate the transmitted information. The channel estimation plays an
important role in defining the combiner. While [1] uses a minimum
mean squared error (MMSE) based channel estimator (designed for
fading channel without interference as in [7]), a pilot based channel
estimation method capable of mitigating synchronous interference
has been presented in [2]. This [2] assumes apriori knowledge of the
multipath delays of desired and interferer signals in defining a chan-
nel estimator. Another pilot based MMSE (minimum mean square
error) estimation method for time-varying channels with strong co-
channel interference is presented in [3] for DVB-T (digital video
broadcasting-terrestrial) systems. The estimator exploits the pseudo-
random properties of the pilot sequences on interfering transmitters
in mitigating co-channel interference. Since it models the interfer-
ence components as white noise, it suffers from an irreducible error
floor at high signal to noise ratios (SNR).

A subspace based channel estimation method for reuse-1 OFDM
systems with strong co-channel interference is presented in [4]. The
subspace based interference rejection method suppress the interferer
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in the multipath-delay domain. This method assumes that the multi-
path delay locations of the desired and interferer channels do not
exactly overlap. The non-overlapping nature of multipath delays
corresponding to desired and interferer channels is plausible since
the non-sample-spaced channel model is assumed. In this paper,
we evaluate the performance of the above subspace based channel
estimation technique with multiple receiver scenario. We observe
that the high quality channel estimates results in significant BER
improvement with multiple receivers.

1.1. Basic Notation

Bold face letters denote vectors or matrices; (), (.)*, (.)7 denote
transpose, complex conjugate, Hermitian respectively; E[.] denotes
the expectation operator; CN(x, C) represent complex Gaussian
vector with mean x and variance C; I denotes the KX x K iden-
tity matrix; 0, x4 denotes the matrix of size p x g with zero entries;
diag(x) is the diagonal matrix with elements of the vector x on its
main diagonal; 1 = /—1.

2. OFDM SYSTEM MODEL

Consider an OFDM system operating with a bandwidth of B =
%Hz (T is the sampling period). The system consists of K subcar-
riers of which K, are useful subcarriers (excluding guard bands and
DC subcarrier) with the set Z indicating useful subcarrier positions.

The baseband equivalent of the time-varying channel impulse re-
sponse is modeled as a wide-sense stationary uncorrelated scatterer
(WSSUS) zero mean complex Gaussian process. The channel im-
pulse response has L multipath components where each path is char-
acterized by a complex gain factor h; and a delay 7; [10], and has the
form h(r,t) = 32,7 he(1)3(T — 71), where h¢(m) is a zero-mean
complex Gaussian random variable with E[h;(m)h}(m)] = o}
and E[h.(k)hi(m)] = 0 for k # m. The paths fade indepen-
dently according to the time-correlation function E [h¢(!)hy (1)] =
o Jo (2mfa(t —t')) where Jo(.) is the zeroth order Bessel func-
tion of the first kind and fy is Doppler frequency in Hz. The sam-
pled channel in frequency domain is given as H,, = Fh,, where
h, = [n(1),hn(2),..., hn(L)]T and the (I, k)" element of the
Fourier basis matrix F is

)
[Fi.r = exp (%ﬁ”) k=0,1,..K—1, l=1,2,..,L.

(€]

Assuming accurate frequency synchronization the received signal
vector in frequency domain at time n is,

Y, =XH,+V, (2)



where X, is the diagonal matrix with data symbols [X o n, X1,n-..., XK —1,n]

and H., is the sampled frequency response of the channel at n'"
OFDM symbol. The zero mean complex Gaussian noise vector V,
has distribution V-~ CA (0, 0%I ).

Consider a downlink scenario with users at cell edge or sector
edge. We assume the case of single transmit antenna at base sta-
tion and two receive antennas for the mobile terminal. However,
the method can be extended to systems with receive diversity. We
restrict our discussion to a single interferer case, even though this
method can be extended for multiple interferers as well. The user re-
ceives signals from both desired and interfering base stations (BS’s).
It is assumed that the receiver is synchronized to the desired BS and
that all the base stations are frequency and frame synchronized. Let

{74}, {hgl’l:b7 thT)L} and {7}, hf}n), h|(2n)} denote the multipath delay
locations (with 74,1 = 0) and the channel impulse responses corre-
sponding to desired and interferer base stations at the two receivers
respectively. We assume that the two receive antennas experience
independent fading. Let L = Lq + L; denote the total number of
multipath components. We assume that the maximum delay spread
of each of the channel (with respect to 74,7 = 0) is smaller than the
duration of cyclic prefix. Let K4 represent the number of subcarriers
allocated to the desired user, with the set Z4 indicating their subcar-
rier indices. The received signal vector in frequency domain on the
data subcarriers of the desired user at n™ OFDM symbol is

1

Y = X, HY) + T XinH) + V) 3
1

Y = Xo HY) + Wer XinHE + VY “)

where ~q represent signal to interference ratio (SIR) on data subcar-

riers.
Desired (2 ho Interferer

Base station ! Base station

T

Subscriber terminal

Fig. 1. OFDM system model

The OFDM frame structure is similar to the IEEE 802.16d/e
WMAN standard [13] as captured follows. At the start of every
OFDM frame, a preamble symbol is transmitted from all base-stations
(BS). Assuming BS with a single transmit antenna, the three BS’s
(one per sector) are allocated orthogonal, equi-spaced subcarriers
(i.e., preamble symbol is based on 1/3 reuse design). Let K. rep-
resent the number of subcarriers allocated with the set 7, indicat-
ing subcarrier positions for the desired transmitter. The following
OFDM symbols contain pilot subcarriers in reuse-1 mode “shared”
by all BS’s for channel tracking. Let K represents the number of
pilots with the set 7 indicating their subcarrier indices. For a fixed
number of pilot subcarriers in an OFDM symbol, it has been shown
that the mean square error in the channel estimation is minimum if

Data symbols with reuse 1 pilot:
/ {4, 7} are estimated here \

Data
Data

’—> Preamble

Reuse 1 pilots
{74} and {7} are detected here

Fig. 2. OFDM frame structure

the pilots are equi-spaced and equi-powered on the frequency grid

[9].

3. CHANNEL ESTIMATION

The channel estimation is carried out by inserting pilot subcarriers
in the time-frequency grid. The estimates on the pilot subcarriers
are then interpolated over data subcarriers. With reuse-1 OFDM,
since the pilot subcarrier positions of the desired and interferer BS’s
overlap, the channel measured at the edge of the cell be severely cor-
rupted. In order to combat interference on pilot carriers, the use of
pseudo-random (PR) pilot sequences from the desired and interferer
BS’s is proposed in [13, 14]. While this gives some co-channel in-
terference (CCI) mitigationl, such schemes fail when interference is
strong. In further discussions we refer the above channel estimation
technique as PR-mls (i.e., using modified least squares based tech-
nique [8] with pseudo-random pilots to combat interference).

In this paper, we have adopted the channel estimation technique
as proposed in [4]. The pilot sequences from desired and interferer
BS’s are made same so as to measure the statistics of the combined
channel. From the estimated statistics, the proposed method com-
putes the multipath delays of both the desired and interfering chan-
nels at the receiver. Exploiting this information, the interferer is sup-
pressed in multipath-delay domain (the domain where the multiple
paths can be resolved independently) and the improved channel in-
terpolator is defined. The technique is briefly discussed in subse-
quent sections.

3.1. Estimating and tagging multipath delays

The least squares (LS) channel estimates on pilot subcarriers [8] on
the j™ antenna is given by

-~ (j) _ . _ . _ . . _ . _,
H, = (X)) 'YY =8 + (1//5m8Y) + (X)) 'V,

)
= Feh{) + (1/\/7)Fh?) +  (XP)H)7'V), ©)
N———
VI ~CN(0,02Ix,)

1CCI mitigation on channel estimates is possible provided the CCI is
weak and/or the number of pilots is much larger than channel impulse re-
sponse length



where Fy, F; are sub-matrices derived by retaining rows correspond-
ing to pilot subcarrier locations in Fg4, F;. The signal-space spanned
by the pilot channel estimates exhibits this shift-invariance property
enabling ESPRIT for multipath delay estimation 2. The autocorrela-

tion matrix Ry of channel estimates is estimated as

—~ 2 M =~ (m) =~(m) H
Ra— > @) 0

m=1n=1

where M is the number of OFDM symbols considered for averag-
ing. The number of paths are estimated as the number of dominant
eigenvalues (f) of Ry as in [10]. The eigenvectors corresponding
to L dominant eigenvalues forms the delay-subspace basis U.. Let

IAJl and ﬁg represent the shift invariant subspaces derived from fJ
The placement of zero-tones (guard carriers) decides the choice of
U, and Ug from US Exploiting the shift invariance structure of the
subspaces U, and Ug, the multipath delays are estimated as [11]
71 = arg(¢;)KT/(2xP) for I = 0,1,..., L — 1 where P denote
the shift (in subcarriers) between the subspaces ﬁl and fjg, arg(gz&l*)
denotes the phase angle (in the range [0, 27)) of ¢; and {¢; }i= L !
are the eigenvalues of the matrix 1) = (UHUl) 1UHU2.

The “interference free” channel estimates derived from the pream-
ble corresponding to the desired BS are projected onto the combined
basis derived from the estimated multipath delays {7;},'. The
contribution along different basis vectors are then used to separate
the multipath delays corresponding to the desired channel.

Let ﬁp, a Kpre X 1 vector, represent the “interference free” chan-
nel estimates corresponding to desired transmitter derived from the
preamble symbol. The interference free channel estimates HP are

projected onto the combined Fourier basis derived from the esti-
mated multipath delays as,
hY) = (F;'F,) "' F, H ®)

where F, is Kpe X L matrix with [Fply; = exp (—%)

fork =1,2,..,Kpeand l = 1,2,....,

= (7)
sents the components of Hj,

L. The vector h®?) repre-

along different basis-vectors associ-

. . .. ‘ﬁ(1)|2+|ﬁ(2)|2
ated with multipath delays. The projections “—————— are then

compared with scaled noise variance xo? and the components that
exceed the scaled noise variance are counted as dominant. Let 7q (a
Lg x 1 vector) denote the indices of multipath delays corresponding
to dominant projections.

3.2. Interference rejection and channel interpolation

Once the multipath delay locations of the desired channel are known,
the delay-domain channel gains corresponding to j™ receive antenna

are estimated by projecting the pilot channel estimates onto the Fourier

basis as follows:

(4)

hY) = (F.F.) 'F.H, ©)
where 1:3‘c is Kpii X T matrix with [f‘c]k,l = exp (—%)
fork =1,2,..,Kpand! = 1,2,. lA} The desired channel im-

pulse response estimates are the components of h( “» with indices

2The presence of zero-tones should be accounted in deriving shift invari-
ant subspaces from the signal-space of the channel estimates

74. Finally, we derive frequency domain channel estimates on the
subcarriers of the desired user for the 7 antenna as

H{) = F.hy) (10)
where f‘d isa Kg X Ed matrix with [f‘d]k,z = exp (—%)
fork = 1,2,...,Kq and [ € 74. The channel estimates I/-\LLn can

be further improved by exploiting the time correlation of temporal

channel estimates hy ,, due to Doppler using a FIR (finite impulse
response) filter. The co-efficients of the FIR filter are derived using
Weiner filter theory [7].

4. SYMBOL DETECTION WITH MULTIPLE RECEIVERS

In this section we consider three symbol detection techniques used
for systems with antenna arrays.

4.1. Diversity Combining techniques
4.1.1. Maximum ratio combining

In MRC, the received signals from all antennas are weighted and
combined to maximize the instantaneous signal to noise ratio (SNR)
at the receiver [5]. The MRC is the optimal combining scheme in
the absence of co-channel interference. The receiver combining for
two branches is,

YD (R HE) (k) + Y2 (k) H) (k)

Xan(k) =
) \HD (k)2 + [HP (k) 2

an

where )A(d,n(k) is an estimate of the transmitted symbol Xq (k).
Observe that the MRC needs channel state information of desired
channel at receiver.

4.1.2. Minimum mean squared error-diversity combiner (MMSE-
DC)

The diversity combiner that reduces the mean squared error between
the transmitted and the estimated symbol and takes the form [7, 6]

Xan (k) = wn (k)Y (k) (12)

where Y, (k) = [ngl) (k) Vo (k)™ and the weight vector w, (k)
is derived as
Wi (k) = (Ra(k) + 1) Han(k) (13)
with Ha (k) = [H{}) (k) H{ (k)" and Ry, (k) = E[Y (k)Y (k)"].

Observe that the MMSE-DC needs desired channel information and
correlation statistics of the received signals. It is to be noted that in
the absence of interference the MRC and MMSE-DC are equivalent.

4.2. Nulling

In order to combat interference with multiple receivers, a nulling
(zero forcing) solution to suppress the interference can be derived.
The set of equations on the k™ subcarrier in (3), (4) can be written as

Y. (k) =H,(k)

Xn(k) + Va(k) (14)



H(l) k’ H(l) k Xan(k
where H,, (k) = Hﬁzgk) Hi@:}Ek; :|,Xn(k) = { Xi:ﬂ((k)) ]
e |
and V., (k) = V2 ()

An equalizer is defined to null the effect of interference at the
receiver, i.e, we design an equalizer G, (k) such that

G, (k)H, (k) =[1 0] (15)

and an estimate of the desired symbol is given by

Xan(k) = Gl (k)Y (k). (16)

Observe that defining a nuller need channel information of both de-
sired and interferer channels.

5. SIMULATION AND RESULTS

We demonstrate the performance of the proposed estimator by com-
puter simulations. An OFDM system is simulated with following
parameters [13]: center frequency f. = 2.2GHz, bandwidth B =
+ = bMHz, K = 512, K, = 420, L, = 32, OFDM symbol du-
ratlon Ti = (K 4 Lep)T, Kpre = %22 = 140, Ky = 53, Kg = 50.
A OFDM burst consists of 5 frames and each frame consists of 100
OFDM symbols. A preamble symbol is transmitted at the start of ev-
ery frame. We have considered a 4 tap channel model for the desired
and interferer signals. The power delay profile (pdp) of the channel
is assumed to be uniform. The channel paths fade independently ac-
cording to Jakes’ power spectrum [12]. The normalized fade rate is
faTy = 0.004.

The performance of the algorithm is evaluated using channel
mean square error (MSE) and bit error rate (BER) by averaging
over channels with different multipath delay locations. In evaluat-
ing BER results, we consider coded OFDM system. The input bits
are encoded with rate 1/2 parallel concatenated convolutional codes
(turbo-codes) and then modulated using QPSK scheme. The syn-
chronous interferer signal is also assumed to be QPSK modulated.
The performance of the system is evaluated by setting the SIR on
pilot subcatriers v, = 0dB. The MSE is defined as (for some n)

ZE{’H(I)

kETZy

MSE = ~a 2}
- Wwl e an

Fig. 3 compares the MSE performance of subspace (SS) method
[4] and pseudo-random (PR-mls) pilot data based channel estimation
methods with co-channel interference. The MSE is measured at the
end of n = 40 OFDM symbol. It is observed that the PR-mls based
channel estimation method fails for severe CCI and suffers from an
irreducible error floor.

Fig. 4 compare the coded BER performance of PR-mls based
channel estimation technique for different data SIRs. We have com-
pared the performance of three detection techniques discussed in
section 4. Since the PR-mls based channel estimates are poor in
MSE the BER suffers from irreducible error floor at higher SNRs
for all data SIRs.

Fig. 5 compare the coded BER performance of the proposed
subspace (SS) based channel estimation technique for different data
SIRs and different symbol detection techniques. The performance of
the diversity combining symbol detection techniques (MRC, MMSE-
DC) improves with higher data SIRs. Note that the nulling (zero-
forcing solution) based detection does not exploit the receive diver-
sity and hence it suffers from performance loss when compared to

5
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Fig. 3. MSE convergence plot comparing proposed subspace method
(SS) with PR-mls based method
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Fig. 4. Coded BER performance of the PR-mls method for different
Yd

diversity combing techniques at higher SIRs. However, observe that
the performance of the nuller improves with SNR at all SIRs since it
can completely null the interferer signal.

6. CONCLUSION

The performance of subspace based channel estimation method with
multiple receivers in reuse-1 OFDM systems is presented. The sub-
space based channel estimation method reject the interferer in the
multipath-delay domain. With the subspace based channel estima-
tion method it is possible to estimate and track both the desired and
interferer channels at the receiver. The simulation results provided
reveals that an improved channel estimation plays an important role
in symbol detection for interference limited systems.
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