Journal of Communications Vol. 8, No. 4, April 2013

Time Domain Correlation Based Joint Channel Estimation
for Multi-Cell Cooperative OFDM Networks

Yuan Wang*, Zhongpei Zhang®, and Yixian Chen?
! National Key Lab of Science and Technology Communications, University of Electronic Science and Technology of
China, Chengdu 611731, China
2School of Electrical and Information Engineering Southwest University for Nationalities, Chengdu 610047, China
Email: wangyuan.sc@gmail.com; zzp.sc@hotmail.com; cyxian@hotmail.com

Abstract—In this paper, we focus on joint channel estimation
(JCE) of multi-cell networks, which is the basis for application
of multi-cell cooperative. For overcoming the weakness that the
existing multi-cell JCEs need power delay profile (PDP)
knowledge of all multiple cells remained the same and known
by receiver or pilot sequence sets of all cells being identical and
other limitations, the paper presents a time domain correlation
based JCE algorithm for multi-cell cooperative network when
PDPs of multiple cells are not same and unknown and derives
the corresponding Cramer-Rao bound (CRB). Then, by using
Generalized Akaike Information Criterion (GAIC) to estimate
PDPs of all cells for reducing the signal space of channel
estimation, the paper further optimizes this JCE algorithm.
Simulation results illustrate the proposed algorithms have good
mean square error (MSE) performance, and corresponding
space frequency block coded (SFBC) cooperative multi-cell
transmission system have the good bit error rate (BER)
performance too.

Index Terms—Multi-cell cooperation, Joint channel estimation,
Time domain correlation, Cramer-Rao Bound, GAIC

l. INTRODUCTION

Nowadays, growing demands of wireless communica-
tions for higher throughputs and spectral efficiencies has
promoted the development of Orthogonal Frequency
Division Multiplexing (OFDM) based beyond 3th
generation (B3G) or 4th generation (4G) networks.
Supporting frequency reuse of one or close to one is a key
characteristic of OFDM B3G/4G networks. But it will
lead to more serious inter-cell interference (ICI) problem
[1]. In order to mitigate or eliminate the impacts of ICI,
strategy of multi-cell cooperation and joint process has
recently attracted more attentions [2]. Main idea of it is
that the base stations (BS) in multiple cells are connected
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via a high-speed backhaul link which allows information
or data streams to be reliably exchanged among them and
jointly processed. While the multiple BSs behave like a
single super-BS and ICI can be avoided or even exploited
as useful signal and the system average performance will
be improved. The emerging technologies based on multi-
cell cooperation and joint process such as joint transmit,
joint precoding, interference coordination or cancellation
have been researched widely and got great progress in
resisting ICl and improving performance of system.
However, the employment of these key technologies is
highly dependent on the whole exact channel state
information (CSI) among the cooperative BSs and the
users. Therefore, the optimum channel estimation is the
base of future wireless communication network.

In conventional non-cooperative cellular systems,
general method for channel estimation is to mitigate or
eliminate ICI with estimation of interference
characteristic of adjacent cells firstly and then to estimate
channel information, the results are not satisfactory and
have a high computational complexity. In cooperative
cellular systems, joint channel estimation (JCE), which is
initially applied in a multi-user scheme, could be
extended to a multi-cell environment and obtained better
system performance as depicted in publications [3]-[6]
when pilot sets of multiple cells are known. Assuming
that the power delay profiles (PDP) of all channels (in
this paper, we exploit the concept of PDP to precisely
represent multipath delays power and multipath tap
location [7] and the below is same) do not overlap and the
pilot sequences of all cells remain the same, Ref. [3]
developed a JCE method for the desired and interference
channels. In [4], a multi-cell JCE method proposed for
TD-SCDMA downlink was proven successful in
improving channel estimation accuracy and yields better
system performance. Defined a new concept of multi-
branch systems to refer to either multi-user and/or multi-
antenna systems, Ref. [5] explained the relationship
between time and frequency domain JCE in these systems.
In [6], for enhancing the practical value of multi-cell JCE,
the author further investigated on pilot design and
presents two general optimal pilot sequences based on
minimizing the MSE. However, the mentioned above
multi-cell JCE algorithms need PDP knowledge of all
multiple cells remained the same and known by receiver
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or pilot sequence sets of all cells being identical and other
limitations. In general, the signals received from different
BSs or different users will not have the same PDP for
different spatial locations of these BSs or users [8] and
while the PDP knowledge will not be known a priori to
receiver. These problems make the practical value of
multi-cell JCE reduced severely.

For overcoming the weakness of existing multi-cell
JCE algorithms, the paper presents a time domain
correlation based JCE algorithm for multi-cell
cooperative network and derives the corresponding
Cramer-Rao bound (CRB) when PDPs of multiple cells
are not same and unknown. Then, by using Generalized
Akaike Information Criterion (GAIC) to estimate PDPs
of all cells for reducing the signal space of channel

estimation, the paper further optimizes this JCE algorithm.

The rest of the paper is organized as follows: Section Il
introduces a cooperative multi-cell OFDM system model
and describes the system expression in time domain.
Section 11l presents a time domain correlation based
multi-cell JCE algorithm and further optimizes it by
exploiting GAIC. Numerical simulations are presented to
verify performance of the proposed algorithms in section
IV and the paper will be concluded in last Section V.

Notation: In this paper, Bold letters represent a matrix
or a column vector; [ x| denotes the nearest integer larger
than or equal to x; ()", ()* and ()" stand for the
transpose, complex conjugate and complex conjugate
transpose respectively; (-), represents modulo N
operation; der(x) is the determinant of x ; Re(x) and
Im(x) indicate real part and imaginary part of x; 7,
denotes N x N identity matrix; ||| denotes the Euclidean
norm; tr[] and E[] represent trace and expectation
respectively.

Il.  SYSTEM MODELS

We consider an OFDM system operating with a
bandwidth of Bw=1/T Hz (T is the sampling period).
The system consists a total of N subcarriers, using the
QPSK modulation for communicating over frequency
selective Rayleigh fading channels. In order to eliminate
inter-symbol interference (ISI), a cyclic prefix (CP) of
length L., is inserted before each symbol. Comb-type
pilot pattern is exploited to perform channel estimation,
i.e., in each OFDM symbol, N, tones used as pilots to

assist channel estimation are evenly distributed over N
subcarriers with equal power. After an inverse discrete
fast Fourier transform (IFFT) operation, the time domain
transmitted signals can be expressed as [9]:

s(m) = IFFTy, (S(k))
= [FFT,,(P(k))+ IFFT, (D(k)) 1)

= p)+dn)
where k=0,LL ,N-1 and n=0,1L ,N-1 denote the
frequency domain subcarrier index and time domain
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sample index of an OFDM symbol, /FFT,,(x) indicates
N -point IFFT transform. S(k) is the frequency domain
transmit signal. P(k) and D(k) represent the pilot
subcarriers set and data subcarriers set of S(k) , while
p(n) and d(n) are the corresponding time domain
signals of P(k) and D(k) respectively.

Assuming that the channel impulse response at time t

has L multipath components, in which each path is
characterized by a complex gain factor h (t) and a

corresponding delay z,(t) and has the form:

h(t.r) = S°h, (©5( — 7, (1)-T) @

where z,(t) represents the I-th path’s sampling delay at
time t and normalized by T, of which the maximum
sampling delay value is denoted as W. h,(t) is zero-mean
complex Gaussian random processes with
E[h, (M) ()] =07 and E[h ()h;(t)]=0 for any k=m. o7
is the power of the I-th path. Additionally, we assume the
power of channel is normalized, i.e. Y o7 =1.

Considering PDP of channel is constant over an
OFDM symbol duration, CP length is efficient larger than
W and assuming perfect synchronization in multiple cells,
after CP removal at receiver, the discrete-time signal can
be shown as

r(n) =s(n) ®h(n) +w(n)
=d(n)®h(n)+ p(n) ®h(n)+w(n) ©)

where ® stands for the circular convolution operator,
w(n) is a statistically independent and identically
distributed (i.i.d) complex Gaussian noise with zero mean
and variance o2.

Backhaul

Figure 1. An OFDM multi-cell cooperation scenario with frequency
reuse 1.

Consider an application scenario of Multi-cell
cooperative OFDM network downlink with frequency
reuse 1 is illustrated as an example in Fig. 1. N, BSs

each equipped with N, transmit antennas cooperatively
transmit to U users distributed around N, cells. Based
on cooperation, pilot set of multiple cells is known by
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every user and exploited to estimate corresponding CSlI,
while all BSs could share the information. Therefore,
joint process techniques can be applied to further improve
system performance.

For simplicity, we discuss channel estimation for case
of only one user, because, from signal processing point of
view, multiple antenna wireless channels and multi-user
wireless channels have no intrinsical difference, if the
channels are assumed to be independent from each other,
both can be reduced to a Multiple-Input and Single
Output (MISO) channel model [5]. So the system
diagram is depicted as Fig. 2.

Receiver
Space-

Frequency +—»
decoder

Cell 1
Space

-» Frequency | | BTS IFFT =
encoder 11, ||:|:-|-§

h

Back haul |_> PDP
Cell N Estimator
N BTS IFFT : Channel
Nes | [FFT ; Estimator

Figure 2. Time domain correlation based JCE model for multi-cell
cooperation system.

Due to the difference on location for multiple cells, the
PDPs of these cells are not same [8]. Then, set channel
order as L, we describe this condition that PDPs of
different cells are not same with the maximum time delay

set W ={W, W, L W, | and call for CP length being

larger than the maximum value of W, i.e., L., = max{W,},
i=12L,N, . Assuming perfect synchronization in
multiple cells, the time domain received signal vector of
the g-th receive antenna of user u can be then expressed
as:

ruq(n):zz (n)®huj|(n)+wf|1(n)

_izzh,i‘i(l)pu‘j.i((n_l)N) (4)
+3TS

hSJ (Nd, ;i ((n=1)y) +wi(n)
where n=0,1L ,N

=z

Il
N

-1, s, ;;(n) is the transmitted signal

from the cooperative multiple cells to user u. hi.;(n)
denotes the time domain CIR sample between the j-th
transmit antenna of i-th BS and the g-th receive antenna
of user u. For convenience, ignoring the indexes u and
g, (4) becomes

(=335 hy, ()P, (- 1))

i=1 j=11=0 (5)
+d; ((n=1)y)) +w(n)
Rewriting (5) in matrix form as

NI!\ Nl

=22 s h

=151 (6)
=sh+w= ph+dh+w
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where s;; isa N xL'-dimension circulant matrix with its
first column being the vector s;; =[s;;(0),.L ,s;;(N-D]",
hj,i :[hj,i(o)vl— ) ,.(L 1)]

s=[s;,,L iS, ol Sy, L 'SNT,NBS]

is a L' -dimension vector.

represents the time
domain transmitted signal matrix with dimension of
NxNgN,L' and h=[h,L h, . L,h, Lh T
indicates the channel matrix of cooperative multiple cells
with dimension of N N, L'x1. Since the matrix p and d

have the same structure as s, they need not repeat here.

1. TIME DOMAIN CORRELATION BASED JOINT
CHANNEL ESTIMAION

Obviously, s in (6) is an ill-conditioned matrix. And
according to least squared (LS) criteria, there is no certain
solution of h. We can solve this problem with a method
of special pilot design.

A. Pilots Design

According to (1), the time domain transmitted signal of
multiple cells can be expressed as
s (M) =IFFT, (S;;(K) @

= IFFT, (P,;(K)) + IFFT, (D, (k)
where S, (k) is the OFDM frequency domain transmitted
symbol from the j-th transmit antenna of i-th BS. P, (k)
and D;;(k) represent the pilot subcarriers set and data
subcarriers set of S;;(k) , which can be expressed

respectively as [10]:

S..(k),keP m), k =(m-1)D;
P""(k):{o,]‘l( ' keP {o,p“( ' kz(others ®
Dji(k)_{o, keP_{O, | k=(m-1)D, ©

’ S;i(k),keP S, ;(m’),k=others
here. m=12L ,N, , m'=12L ,N-N, . S ;;(m) and

S.;.(m) are the corresponding pilot sequence and data
P={0,D,,L ,(N,-)D,} indicates the
subcarrier index of pilot and D, =N/N,

distance between two adjacent pilots.
We exploit Chu sequence to design pilots which has

perfect orthogonality as [11]. Letting A= N, /(N; -Ng,)],

sequence.
indicates the

the pilot value S_..(m) sent from the j-th transmit

pijii
antenna of i-th BS of length N can be described as
Sp;j‘i(m) = Sj,i(km)

2am A(-D)Ng +(j-1)
) N

A

1
=——|——=C(m)|e
L/fz::(n)e Ne }e N
P

where i=12L ,N, , j=12L,N; and k,=(m-1)D, ,
o A= [E, represents the amplitude of the

p

P

(10)

m=12L ,N
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pilot symbol when considering both pilot subcarriers and
data subcarriers of the system with equal power E,, c(n)

denotes a Chu sequence of length N, as the basis

sequence for pilot design and C(m) stands for the Fourier
transform of c(n). Hence, c(n) can be expressed as:

o /™M for even N 12,L N (11)
c(n)=1 e
eJ(”r(n—l)ﬂ)/Nu’ for odd Np p

in which r and N are relatively prime. While it has the
following good autocorrelation property:

Re(m = 3 c)e (-1, )
=N,o(n),n=0,---,N, -1

It can be seen that s;;(n) slips ((i—1)N; +(j-1)A
sample length compared to s, (n) in time domain. The
nature of pilot design above mentioned is that the pilot

sequence of different transmit antenna and different BS is
created by the same basis Chu sequence c(n) with

different shifting number of time domain samples, so the
receiver can distinguish the useful signals of different
transmit antenna and different BS from the received
mixed signal to apply channel estimation.

B. Time Domain Correlation Based Joint Channel
Estimation Algorithm

According to (5), by performing circular convolution
between received time domain signal r(n) and the basis

sequence c(n), we can obtain:
Re() = 2 r(n)-¢"(1=1),)
gggg AP, (-1,
L ((=190)-¢ (1)) (13)
+ T wm)-¢ (1-Dy,)

—zi&“m+22&“m+Rm

i=1l j=1
Because of

A
pj‘i(l)z\/NiTi\/Dif

ol + A -DN, +(i-D)), (14)

the R ;;(I) and the Ry;;(I) in (13) can be derived as
follow:
Rus= S, 0, (=106 (D))
A Lyilhji(l')é[l—I'+A((i—1)NT+(j—1))] (19)
DN, = No
and

R =3 3,004, (0-1),)-¢ (=),

“ZNN Lzl szzl Nzl D, mP()x  (16)

eJZ/r((m k)n—ml"+kl)/N +D (m) (m)eﬂn( ml +k|)/N:|
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For reason of pilot and data subcarriers of an OFDM
symbol occupying different subcarrier locations, we can

N-1
get D;;(m)P"(m)=0 and > e/# (™ =0 Therefore,

n=0

,Df NT L1 N-1N-1
Ryja () =~ 20, (102 3 Dy (m)
=0 n=0 kio (17)
P*(k)ej27r(—ml'+kl)/N zejZIr((mk)n)/Nj| -0
Hence, (13) can be rewritten as
mmzzz _%mwx
S[1 =1+ A —1)NT (-], } (18)

+ Niw(n)c*(n =Dy,

where 1=0,1L ,N, -1 in equations from (13) to (18).
Letting L'=A , if the conditions of L'>max{W} ,
i=12L,Ng, and L'<N, can be met, the L1
dimension sub-channel estimator ];” between the j-th
transmit antenna of i-th BS and the user can be derived as

fL ) =Yo R (1 (G-

AN

—“DN; +(j -1)A) (19)

where I'=0,1L ,L'-1
Cramer-Rao Bound (CRB) reflects a lower bound on
the error variance for an unbiased estimator[12]. Now we
compute the CRB for estimator of h as below.
According to (6), Nx1-dimension vector w are
Gaussian distributed with zero-mean and covariance
matrix C = o1, . Accordingly,

r : CNh,C) (20)

then w @ =sh=ph+dh and C)=C=0.1,,., - Thus

the Probability Density Function (PDF) of r conditioned
on h is

1 exp _—pm) —p
N det(C(h) C(h)

1
- _(r—(ph+dh))" (r — (ph + dh)) 1)
7N det(C) C

h
Pl = &) j

Therefore, the fisher information matrix /@), is given
by

Olnp(r; h) Olnp(r; h) (22)

)], = Ef ohk) o)

where k,I1=12L ,2NgN,L" because of the complex
vector h with dimension of NgN;L'x1, dlnp(; h)/0hk)

denotes to take partial derivatives for the k-th component
of h. According to [12] we have
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5#”(/7)0;@5;& )
oh(k) dh()
P[]P/ +P[]d/ +dAHp/ +d[’d//
ol (23)
2E
. k=1
=40,/ N
0, others
here p, and 4, indicate the k-th column vector of p and
I-th column vector of d respectively. Then the CRB for

an arbitrary channel estimator 4, with L order is given
by:

[IB)],, = 2Ref

/

=2Ref

o A Lo
CRB(h..)= LXCRB®),, = —*
t,,) B = (24)

While the MSE of 4,
CRB(h,,) as follow:
MSE = E[/| h,,~h,, | ] >CRB(h,,) (25)

has the relationship with

C. Optimum Algorithm

In general, multipath channel is sparse in broadband
wireless communication systems. The channel estimation
accuracy can be improved by once knowing the PDP
knowledge of channel. In [13], the GAIC criterion is
applied to sparse channel estimation problem to estimate

PDP in an iterative manner and obtain better performance.

We extend this algorithm to the multi-cell cooperation
scheme. Since the PDPs of different cells are not same
and the PDPs of different transmit antennas in a cell are
identical, for each cell only the PDP of channel estimator
between the first transmit antenna and user, i.e.,

h,,.i=12L,N,  needs to estimate.

35 1
Then, for estimator 4,,, the GAIC cost function for a
test channel order | has the form:
GAIC, ()= L'[21n(G7],,)+y In(nL))1 +1) (26)
y is a user specified parameter, &7, denotes the
estimation of noise variance for channel order | and is
given by

6., = Li(fz, —h,, )" s sy, —h,,,)
P o (27)
= ;(h,v, —h,.,)'NI, (b, ~h )
where 4, is the channel estimator for channel order |
and padded with L'-I zeros. s,,,. is the submatrix from
s,; retaining only the first L' columns with dimension of
NxL".
The GAIC test is executed as algorithm 1:

Algorithm 1 GAIC Algorithm Processing

L1: Initially set P =L ;

2: Calulate the cost function GAIC,; (1) for 1=1,---,P;

3: Obtain GAIC estimator as [ =arg mLin{GNCm(')};

4: Remove the effect of the newly estimated tap by setting
h)=0;

5: Set p=[-1 and repeat steps 2-4 to estimate the next significant
tap positions;

6:1f L=1 go to step 4.
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Then the set {(} gives the positions of significant

channel taps and it could be utilized to improve
performance of the estimator as

h, (). 1e{L}

28
0, le{L) (28)

]1.;;:(1):{
where j=12L ,N;, i=L2L ,Ng. In addition, this
algorithm must be satisfied with L'>Le >max{W},
i=12L ,Ng .

IV. NUMBERICAL SIMULATION RESULTS

Simulations were carried out to demonstrate MSE and
bit error rate (BER) performance of the proposed
algorithms. An OFDM system is simulated with
following parameters: center frequency f,=2.2GHz ,

bandwith B=1/T =5 MHz , number of overall subcarriers
N=512 , length of CP L, =24 , mobile speed

v=30km/h . Each OFDM frame consists of N =50
OFDM symbols. Comb-type pilot pattern is employed in
system with number of pilot subcarriers N, =128 and

pilot interval D, =4.

Assuming that the cells’ number N, =2 in simulation
model, one BS per cell and each BS equipped with N,
transmit antennas, each user has receive antennas N, =2.
The system exploits SFBC and QPSK modulation.

Multipath Rayleigh fading channels are considered as
3GPP-TR-25.996 SCM Case Il channel model, with
order L=6 . While the multipath tap locations in PDPs
contain different and are uniformly distributed over [0

2510] ns.
For the convenience of comparison, let A=32<

[N,/(N;-Ng)|, E, =1 and define Eb/NO as (N -E,)/ o, .

Parameter y is chosen as 1.4.

Fig. 3 shows the MSE performance of the proposed
pilot-aided multi-cell JCE algorithm (denoted as MC-
TcJCE) and its optimum algorithm with GAIC (denoted
as GAIC-MC-TcJCE) compares with the corresponding
CRB. From the figure, we observe that the MSE of multi-
cell JCE with PDPs knowledge known accurately
coincides with the curve of CRB and it means the
estimator is unbiased. At the same time, because of using
L, length to replace the accurate PDPs knowledge, the

MSE performance of MC-TcJCE losses about 6 dB
compared with CRB. However, due to optimization of
GAIC, the MSE curve of GAIC-MC-TcJCE is close to
CRB with Eb/NO increasing.

Fig. 4 and Fig. 5 illuminate the BER performance
comparison for various multi-cell JCE algorithms with
transmit antenna of one or two, respectively. In Fig. 4,
with BS each equipped with one transmit antenna, the
BER of multi-cell JCE with PDPs knowledge known has
slight performance loss as compared to the case of perfect
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channel knowledge. For the case of MC-TcJCE, the loss
is about 1.6 dB. While for GAIC-MC-TcJCE the BER
curve is close to the BER of multi-cell JCE with PDPs
known gradually. In figure 5, with BS each equipped with
two transmit antennas, the BER performance of both MC-
TcJCE and GAIC-MC-TcJCE get rapid and significant
improvement and the curves have been close to 10 at
low Eb/NO (less than 12dB) . But with Eb/NO increasing,
due to existence of Doppler frequency shift, the BER
curves of both algorithms encounter error floors at about
20dB of Eb/NO.

Since the system exploits SFBC multi-cell cooperative
joint transmission in this paper, it is worthwhile to
investigate its robustness against Doppler shifts due to
user mobility. Fig. 6 shows the BER performance
comparison for various mobile speed of user with one
transmit antenna when the proposed MC-TcJCE
algorithm is applied on system. From the figure, the
conclusion can be drawn that the system is not sensitive
to user velocity and is robust to Doppler shift.

0
10

—B— TcJCE
—6— GAIC-TcJCE

—©— PDPs known TcJCE
—+—CRB

10 I I
10

0 5 15 20
Eb/No(dB)
Figure 3.  MSE performance comparison for various multi-cell JCE
algorithms.
-1
10 T
3 —8— Tc-JCE
$ i —o— GAIC-Tc-JCE

—&— PDPs known Tc-JCE
—+— perfect channel known|

-4
10

10
Eb/No(dB)

15 20

Figure 4. BER performance comparison for various MC-JCE
algorithms with n_ =1.
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T
—8— Tc-JCE

—&— GAIC-TcJCE

—&— PDPs known TcJCE

-2 = —+— perfect channel known

BER

-4
10

100 F

-6
10 .
0 5

10
Eb/No(dB)
Figure 5. BER performance comparison for various JCE algorithms
with n, =2.

10 "
—©— v=6km/h
—— v=30km/h
—8— v=120km/h

15

10 !
0 5

10
Eb/No(dB)

20

Figure 6. BER performance comparison for various mobile speed of
user.

V. CONCLUSIONS

For multi-cell cooperation OFDM networks, this paper
presents a time domain correlation based JCE algorithm
when PDPs of multiple cells are not same and unknown
by receiver. Then, by exploiting GAIC, the paper further
optimizes the algorithm and obtains better performance.
From simulation results we also note that compared with
the corresponding CRB, the MSE performance of
proposed algorithms has a certain loss. This performance
gap provides a possibility to optimize the multi-cell JCE
algorithms and it is a further need to study.
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