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Abstract: A method based on the maximum a posteriori
probability ( MAP) criterion is proposed to estimate the
channel frequency response ( CFR) matrix and interference-
plus-noise spatial covariance matrix (SCM) for multiple input
and multiple output orthogonal frequency division multiplexing
(MIMO-OFDM) systems. An iterative solution is proposed to
solve the MAP-based problem and an interference rejection
combining (IRC) receiver is derived to suppress co-channel
interference (CCI) based on the estimated CFR and SCM.
Furthermore, considering the property of SCM, i. e.,
Hermitian and semi-definite, two schemes are proposed to
improve the accuracy of SCM estimation. The first scheme is
proposed to parameterize the SCM via a sum of a series of
matrices in the time domain. The second scheme measures the
SCM on each subcarrier as a low-rank model while the model
order can be chosen through the penalized-likelihood
approach. Simulation results are provided to demonstrate the
effectiveness of the proposed method.
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n order to satisfy the increasing demand for support-
I ing more users with high data rates, modern cellular
systems such as WiMax and LTE-advanced reuse the
same frequency spectrum at each cell'.
will encounter serious impairment due to co-channel inter-
ference ( CCI) from neighboring cells. Hence, interfer-
ence rejection is valuable and essential to interference-
limited systems.
Some CCI suppression techniques, i. e., IRC"™ and
fast-ML"™', model the CCI as a zero-mean, time uncorre-

Such systems

lated and spatially colored stationary Gaussian random
process, which needs to estimate the spatial covariance
matrix (SCM) of interference-plus-noise and the channel
frequency response (CFR) matrix of desired users. The

Received 2014-09-04.

Biographies: Pan Yungiang(1989—), male, graduate; Gao Xiqi( corre-
sponding author), male, doctor, professor, xqgao@ seu. edu. cn.
Foundation items: The National Natural Science Foundation of China
(No. 61320106003, 61222102), the National High Technology Re-
search and Development Program of China ( 863 Program) ( No.
2012AA01A506) .

Citation: Pan Yunqgiang, Meng Xin, Jiang Bin, et al. Co-channel inter-
ference rejection for MIMO-OFDM systems [ J]. Journal of Southeast
University (English Edition), 2015,31(2): 170 — 174. [ doi: 10. 3969/].
issn. 1003 —7985.2015.02.002]

conventional solution for the SCM estimation problem is
the sample SCM estimate which is the maximum likeli-
hood (ML) estimate in the case of Gaussian signals.
However, in practical OFDM systems, the number of
available residual samples is limited, thus only a rough
estimation of SCM can be obtained and other measures
should be taken into account to improve the accuracy of
SCM estimation. Larsson'” proposed a method by using a
low-order time-domain model to improve the SCM esti-
mation based on the fact that the SCM is the FFT of pow-
er spectrum of the interference-plus-noise. A structured
model for SCM estimation was proposed in Ref. [5],
which was obtained by eigenvalue decomposition (EVD)
of the residual sample covariance matrix. Raghavendra et
al. ' proposed a method by parameterizing SCM on each
subcarrier as a combination of several low-rank models,
and each model has different probabilities. An improved
SCM estimation exploiting the frequency correlation of
the interferer channels was discussed in Ref. [7].

As mentioned above, the CFR matrix of desired users
is also required for interference rejection. Conventional
channel estimations in MIMO-OFDM systems have been

8 . .
BT However, in these studies on-

investigated intensively
ly thermal noise was considered; i. e., the SCM was
treated as an identity matrix, which clearly degraded the
accuracy of the channel estimation when CCI was pres-
ent. Also, on the other hand, channel estimation errors
will result in error residual samples for SCM estimation.
In this paper, a method based on the maximum a posteri-
ori probability (MAP) is proposed to effectively reduce
the estimation errors of both CFR and SCM. Further-
more, we propose two schemes exploiting the number of
interferers and the correlation between SCMs on different
subcarriers. The first scheme transforms SCMs of all sub-
carriers back to the time domain via IFFT to obtain the
correlation matrices followed by a temporal low-pass
smoothing. Then, we represent each correlation matrix as
a sum of a series of matrices described in Ref. [9] to
maintain the semi-definite structure of SCM. The second
scheme structures the SCM as a low-rank model with a
few parameters through eigenvalue decomposition, and
then smooths the low-rank matrix in the time domain.
The low-rank model is somewhat similar to Ref. [5].
Ref. [5] assumed that the channels were frequency non-
selective while there is no such assumption in this article.
Both the two schemes not only keep the semi-definite of
the obtained SCM, but also decrease the parameters to be
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estimated, which in turn improves the accuracy of SCM
estimation. Finally, interference rejection combining
(IRC) is employed on the receiver side for CCI suppres-
sion by using the estimated CFR and SCM.

1 System Model

Consider a MIMO-OFDM system equipped with trans-
mit antennas N, and receiving antennas N,. Assume that
there are N, subcarriers for each OFDM symbol and the
cyclic prefix is long enough to avoid inter-symbol inter-
ference (ISI). The channel is assumed to be a constant
during one block of OFDM symbols, but changes inde-
pendently from block to block. Here, one block of
OFDM symbols consists of pilot symbols N, followed by

data symbols N,. The received signal on pilot symbols is

Yi.=Hx,  +z,, 0<k<sN -1, O0sn<sN, -1 (1)

where y, , € C**" and x, , e C"*' denote the received sig-
nal and transmitted pilot symbol on the k-th subcarrier of
the n-th OFDM symbol in the frequency domain; H, e
C"*" is the MIMO channel matrix; z,,, ~CN(0, 3,)
C"*! denotes the received interference-plus-noise, which
is modeled as a colored Gaussian noise. The relationship
between CFR and CIR is given by

—J’ wkl/N,

=[D,, .., (2)

_MS

¢L—l] ¢ (fk ® INK)

where @, is the N, x N, time domain channel matrix; f, =
0 —j2mkl/N, —Ruk(L-1)/N.4 T

[e e N ]

channel taps for the desired user. Substituting Eq. (2) in-

to Eq. (1), we can obtain

, € ; and L is the number of

Y. =X, h+z, (3)

where h =vec{[®,, ... D, 1}, X, , =(x,, &I,) fi ®

IN‘Nl)'

2 Estimation of CIR and SCM based on MAP
Criterion

Collecting all the N N received pilots together, the

least square (LS) estimation of & is given as
h=(X"X)"'X"y (4)
s Yyana 1l and X = [ X5, ...

. Next, the SCM of interference-plus-noise on

where y = [y,, -
T T

XNf],Nfl]

the k-th subcarrier is estimated from the residuals,

5 ]N‘l
k ﬁz: knzl':n = z(y/\n

p n=0

k, nh) !

(5)

The LS estimation in Eq. (4) is not accurate due to the
interference and because it also degrades the performance
of SCM estimation for the inaccuracy of estimated residu-
als 7, ,. We propose a method based on MAP criterion to
estimate & and ¥,. With the statistical description z, , ~

Xk nh)(yk n

CN(0,3,) and Eq. (3), the likelihood function of & and

3, is
N1 N,-1
f(y‘h’zk) = HH "“’Zk |
k=0 n=0
exp[ - (yk,n _Xk,nh) Hzgl(yk,n _Xk,nh)] (6)
where y = [y - yI,fLNH]T. The channel vector k is

modeled as h ~ CN(h, R,), where h is the mean vector
and R, is the correlation matrix. Since the statistics of the
channel remain the same for a long time, we assume that
h and R, are all known at the receiver. We treat 3, as a
random matrix with the uniform distribution property
which is independent of channel vector h. Then, the a

posteriori probability of h and 3, is given by
_S [ h 3D,

J(h, h3)f(h) =

= 1y) i) a fly | b, E) )
HH | m3, | Texpl— (h —1)"R; (h =R)] -
expl- ., X, "3’ 0., -X.Wl| 7R, | " (7)

Since Y, is positive semi-definite, the joint MAP estima-
tion of h and 3, can be expressed as

(h, 2.} =max Inf(h, 3, |y)
s.t. 3,=0 k=0,1,..,N -1

(8)

In the next paragraph, we will propose two schemes to
deal with the SCM, which not only move away the con-
straint in Eq. (8), but also decreases the number of esti-
mated parameters of 3, (k =0, 1, N, -1) to offer a
better estimation performance. Then we design an itera-
tive algorithm to solve Eq. (8).

2.1 Scheme 1

The received interference-plus-noise term z, ( ignoring
subscript n) can be written as

L-1

7, = Zvesz“k//v(
k= !

=0

(9)

where v, is the time domain interference-plus-noise and L,
is the maximum length of the interference channels.
Hence, the SCM on the k-th subcarrier can be represented
as

L-1 L-1

—j2mki/N, —j2mki/N,
3 = Ezkzk}_ {2 ! Z/'ej }=

I'=0
L—-

L-1

ZE{V v, le “iRmk/N, o ~Rak/N,
v =

o

=~
[
- o

1 1

z vl 1/)e—j2nk(l—l')/N.

=0 I'=0

(10)

It is assumed that the transmitted time domain interference
on different sampling times is uncorrelated and the re-
ceived interference is the linear convolution of the trans-
mitted interference and the CIR, so V(I I') =¢°I y, 115

I', where ¢ is the noise variance. Thus, by replacing
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I -1" with n, Eq. (10) can be simplified as

L1
_ —j2mkn/N,
3= ) Ve

n=-L+1

(11)

Taking Eq. (11) into consideration, a general method to
refine the estimated SCM emerges. The estimated SCMs
can be first transformed to the time domain via IFFT to
obtain the correlation matrices {V,, - N /2<n<N,/2 -
1}, after which the matrices {V,, |n| >L, -1} are
assumed to be zeros. Then from Eq. (11), the accuracy-
improved estimation of SCM can be obtained. However,
one problem remains. The estimated matrices {V,, | n
\ <L, -1} cannot be guaranteed to always be an auto-
correlation sequence, thus transforming {V,, |n | <L,
-1} back into the frequency domain via FFT cannot
guarantee the obtained SCM on each subcarrier to be posi-
tive semi-definite, which is an essential feature of a co-
variance matrix. Here we provide a solution method. Ac-
cording to Ref. [9], matrix V, can be represented by ma-
trix G,, as

L-1
V, = ZGH,GZ%

m=n

(12)

From Egs. (11) and (12), we obtain 3, =3} 37", and
L-1

z Gne—jZ-nkn/Nb — G(fL,,k ® IN)

n=0

where G = [ G,

—pmk(L,~1)/N.q T
e j2mk( ) ]

3 = (13)

—j2mkl/N,

e G ), fo =11 e s
. Finally, the SCM on the subcarrier k can
be expressed as

3= GQkGH

where Q, =f, f, ,®I,. Clearly, in Eq. (14) 3,=0 for
all k and then the constrained optimization problem in

(14)

Eq. (8) can be converted to an unconstrained optimization
problem,

{G, h} =max Inf(h, G | y) (15)

where f(h, G |y) is similar to Eq. (7).

It is difficult to solve h and G at the same time. We
take a more general method which solves one while treats
the other as constant, and the iterative solution is consid-
ered. It is simple to find that, when G is assumed to be
fixed, and let the derivation of Eq. (15) with respect to
h” to be zeros, the estimation of CIR is

N~1 N,-1 0

W= ( 3 Y X (Ge.GH X, +R; )
k=0 n=0
N1 N1

(3, 3 %.(60.6" ., +R;'h)

k=0

(16)

In the same way, we can obtain the estimation of matrix
G. If we estimate 3, (for k=0,1, ..., N, —1), the num-
ber of unknown parameters is NN, N_.. Now, we estimate
matrix G instead, and the number of unknown parameters

is reduced to NN L,. In a real scenario, L,<N_, so the
proposed method can improve the accuracy of the estima-
tion effectively as it can significantly reduce the unknown
parameters.

2.2 Scheme 2

Scheme 1 exploits the correlation of SCMs on different
subcarriers to reduce the unknown parameters while the
Scheme 2 in this subsection further exploits the number of
interferers to improve the estimation accuracy. Assume
that the interferer transmission is synchronized with that
of the desired user; i.e., the cyclic prefix of the interfer-
ence signal lines up with that of the desired signal. We
assume that each interferer has only one antenna without
loss of generality. Then, according to Eq. (1), the inter-
ference-plus-noise can be written as

d
Lpn = zgk.isk,n,i te,,
=0

O0<sk=N-1,0=sn=<N, -1 (20)

where d is the number of interferers; g,, e C"*' denotes
the channel vector of the i-th interferer on the k-th subcar-
rier; s, ,; is the transmitted data for interferer i with a ze-
ro mean and unit transmission energy. Signals from dif-
ferent interferers are assumed to be uncorrelated, i.e., E
{84560} =06(i—j), where § denotes the Kronecker del-

1 - .. . . .
is additive white Gaussian noise

ta function. e, , e C"*
(AWGN) vector with a zero mean and covariance matrix
o'l v The SCM of interference-plus-noise on the k-th

subcarrier can be expressed as

3. =E{z,z,,} =W, +c'l, k=0,1,..,N -1 (21)

d

where ¥, = 2 g, .8 is the instantaneous SCM of inter-
i=0

ference. It is simple to conclude that the rank of ¥, is no
greater than the number of interferers d. So a reasonable
decomposition of the SCM is

3. =GG'+o'l, k=0,1,..,N,.-1 (22)

where G, e C*"*’ is made up of d dominant eigenvalues
and corresponding eigenvectors of matrix Y,. Here we
suppose that d<N,, and if d > N,, the dimension of G, is
N, xN,. ¢ is the noise variance, which can be obtained
by a long statistics estimation of the thermal noise. The
same as %, is described in Scheme 1, the frequency do-
main matrix G, can be represented as a truncated Fourier
sum:

L-1

G, =

n=-L+1

where A=[A_, ,,,....A, -

—j2-nk(L,—l)/NL] T

A”e’jZ-n-kn/NA :A(le_k ®Id) (23)

A ] f _ [ejZ‘rrk(L‘fl)/N(
ol Sk — ’
L1, ..,e . Substituting Eq. (23) into Eq.

(11), we obtain

3. =AQA" +75'I, (24)
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where @, = (f, ,®1,) (f, ,®I,)". Clearly, the structure
of SCM in Eq. (24) is a Hermitian positive semi-definite
matrix. Then the constrained optimization problem in Eq.
(8) can be equivalent to an unconstrained optimization
problem,

{A, h}=minInf(h, A |y) (25)

where f(h, A \y) is similar to Eq. (7).

The same as in Scheme 1, taking the derivative with
respect to k and A, we can obtain the estimation of CIR
and matrix A, and thus SCM. In this proposed method,
we only need to estimate matrix A with N.d(2L, —1) un-
known parameters instead of matrices 3, (for k=0,1, ...,
N, -1) with NN _N_ unknown parameters. In most cases,
Scheme 2 is more accurate compared to Scheme 1 since it
estimates fewer unknown parameters and exploits more
priori information such as the number of interferers.

We have assumed so far that the multi-tap L, of inter-
ference channels and the number of interferers d are
known. In practice, they can be estimated by the MDL

. . 10-11
criterion' I

3 Receiver with Co-Channel Interference

Interference rejection combining (IRC) is an efficient
CCI suppression technique employed at the receiver side.
It is based on the minimum mean square error ( MMSE)
criterion. Following Ref. [ 12], assuming that both the
true H and the true 3 are known, the IRC received data
symbol is given as

x=H"(AA" +3) 'y (26)

4 Simulation Results

Simulations are presented in this section to describe the
performance. We consider a block-fading MIMO-OFDM
system with N, = 64 subcarriers. The desired user goes
through a channel with 8 taps in an exponential power de-
lay profile (PDP). The interferers are equipped with one
antenna. The signals are modulated to QPSK signal con-
stellation. The channel coding is a convolutional code
with a rate of 1/2.

We compare the FER performance under different sce-
narios and different estimation methods under the follow-
ing conditions: 1) The ideal instantaneous SCM is known
and the channel is estimated according to Eq. (16); 2)
The ideal long-term SCM (defined as E{X,}) for each
subcarrier k is known and the channel is estimated accord-
ing to Eq. (16); 3) The channel and instantaneous SCM
are estimated by the algorithm discussed in Ref. [7]; 4)
The channel and instantaneous SCM are estimated by the
algorithm discussed in Ref. [4]; 5) The first scheme we
proposed; 6) The second scheme we proposed.

In Fig. 1, the mean square error (MSE) of the CFR is
simulated under a different number of iterations. It is

simple to conclude that the proposed algorithm has stable
convergence after one iteration.

10t
—— (Oth iteration
—6— 1th iteration
£ 109 —8— 2th iteration
"é —v— 3th iteration
- 9 < =\ —a&— 4th iteration
2 =
E 10-1F
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< 1006
B 1g-2
£107°
10/-0-65E__1 L S
10_30 5.2 -5.0-4.8. , ,
-10 -5 0 5 10 15 20
SINR/dB

Fig.1 MSE of CFR under different number of iterations

Fig. 2 compares the MSE of SCM under different
schemes. The proposed schemes in this article show great
performance and Scheme 2 outperforms Scheme 1. The
MSE of SCM by using long-term SCM is the largest, for
the long-term SCM is unable to characterize the instanta-
neous property of SCM in this case (INR =5dB).

Next, we derive the IRC receiver and compare the FER
of the above six schemes. In Fig. 3, the two proposed
schemes providing 2 and 2.8 dB gain in SINR are com-
pared to the method in Ref. [4] for the FER of 10 7,

—— Ideal long-term SCM
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—o— Method in Ref. [ 7]
—#— Method in Ref. [4]
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Fig.2 MSE of SCM vs. SINR (INR = 5dB, N, =2, N, =

10, one interferer and L, =2)
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respectively, and there is less than a 0.5 dB gap between
the second scheme we proposed and the method known as
the ideal instantaneous SCM. The method in Ref. [ 7]
with the worst-case performance for this method is invalid
when the pilot symbol number is one. In Fig. 4, the meth-
od in Ref. [7] performs better when using more pilots.

10°

1072
—2—Proposed Scheme 1
—&—Proposed Scheme 2
| ——Method in Ref. [7]
—#—Method in Ref. [4 ]
—»—Ideal long-term SCM
—o—Ideal instantaneous SCM
10 -4 1 1 1

-4 -2 0 2 4 6
SINR/dB

= 5dB, N,

MSE of CFR estimation
=
1

Fig.4 FER vs. SINR (INR

interferer and L, =2)

=2, N, =10, one

5 Conclusion

In this paper, the method based on the MAP probabili-
ty function is proposed for channel and SCM estimation
of MIMO-OFDM systems. The SCM and CFR are esti-
mated iteratively. Meanwhile,
of the SCM, two approaches adopting different matrix
handling strategies can effectively reduce the estimation
errors of both CFR and SCM. This paper adopts the IRC
receiver based on the estimated CFR and SCM. Simula-
tion results show that the proposed method can signifi-
cantly improve the system performance.

considering the structure
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