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Abstract— In this paper, we propose a blind channel estima-
tion algorithm for amplify-and-forward two-way relay networks
(AF-TWRN). The orthogonal frequency division multiplexing
(OFDM) modulation is adopted for frequency selective channel.
The channels are estimated in two steps. First the cascaded
channel causing the self-interference is estimated using a pro-
posed power reduction method. Then the other cascaded channel
from source to destination is estimated by subspace method.
Closed form formulas are derived and the numerical results are
provided.

Index Terms—blind channel estimation, orthogonal frequency
division multiplexing (OFDM), two-way relay network (TWRN).

I. INTRODUCTION

Research on wireless relay networks becomes popular re-
cently. In particular, the two-way relay network (TWRN) has
drawn a lot of attention because its overall communication
rate is approximately twice of that achieved in the one-way
relay network (OWRN) [1]. In this paper, we study the channel
estimation problem in amplify-and-forward (AF) TWRN [2].
Many methods have been proposed for channel estimation in
AF-TWRN. These methods can be divided into two groups:
data-aided [3]-[6] and non data-aided (blind) [7]-[10]. This
paper focuses on blind estimation. In [7], the authors propose a
maximum likelihood (ML) approach to estimate the flat-fading
channels blindly, but the transmitted signals are limited on
constant modulus modulation. [8] finds a closed form solution
and thus provides a low-complexity ML algorithm. For non-
constant modulus modulation, [9] gives an iterative algorithm,
which is based on the maximum a posteriori (MAP) approach
and requires a large number of received blocks. In [10], the
authors consider the frequency selective environment. They
apply a non-unitary linear precoding at both terminals and
derive a blind channel estimation algorithm from second-order
statistics of the received signals. However, the use of non-
unitary linear precoding leads to degradation in bit error rate
(BER) performance.

In this paper, we develop a blind channel estimation algo-
rithm for TWRN under orthogonal frequency division multi-
plexing (OFDM) modulation. Our method contains two steps.
The first step is to estimate the cascaded channel causing the
self-interference. Since the terminal knows its own transmitted
signal, we propose a method based on power reduction to
estimate the channel. The second step is to estimate the
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Fig. 1: System configuration for two-way relay network

cascaded channel from source to destination. We utilize the
subspace method [11]. Closed form formulas for these two
cascaded channel estimates are derived. Simulation is provided
to show the merit of the proposed method.

The rest of this paper is organized as follows. The system
model for OFDM-based AF-TWRN is introduced in Section II.
Section III describes the proposed algorithm for blind channel
estimation. Simulation results are presented in Section IV and
concluding remarks are drawn in Section V.

Notation: In this paper, E{z} means the statistical ex-
pectation of the random variable x. The symbols AT, A*,
and AT denote the transpose, the complex conjugate, and
the conjugate-transpose of matrix A respectively. |AllF is
the Frobenius norm of matrix A. I,, is the m x m iden-
tity matrix, whereas O represents an all-zero matrix with
appropriate dimension. 3 = +/—1 is the imaginary unit.
T,.(c) is an m X (m + n — 1) Toeplitz matrix with first
column [cp,, 01 (m—1)]” and first ow [cp, ..., c1, 015 (m—1)),
and T,,(c) is an (m +n — 1) x m Toeplitz matrix with first
column [eq, ..., Cp, le(m,l)]T and first row [c1, 015 (m—1)]>
where ¢ = [c1,¢a,...,¢,]7T is an arbitrary vector.

II. SYSTEM MODEL

Consider a TWRN with two terminal nodes T; and Ts,
and one relay node R, as shown in Fig. 1. Each node has one
antenna which cannot transmit and receive simultaneously. The
channel from T; to R is denoted as f; = [f; o, f; 1, -+, f; 117>
whereas the one from R back to T; is denoted as g =
[95.0:9i1> -+ +»9:,1)" fori = 1 and 2. For notational simplicity,
we assume that the lengths of 1, f5, g1, and g> do not exceed
L + 1.! Similar to most other algorithms, we assume that
the channels do not change when the channel estimation is
performed.

A. OFDM modulation at terminals
Denote the kth OFDM block from T; as sgj) =

(57, 550 -+ s\ y_1]7. where N is the OFDM block length.

The proposed method can be applied to the more general case of different
channel lengths by simply using an appropriate cyclic prefix length.
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The corresponding time-domain signal block is obtained from
the normalized inverse discrete Fourier transform (IDFT) as
T

x)=Whs{) = 20 & 2O | W

where W is the N x N normalized DFT matrix with the
(m,n)th entry given by —e 72""/N_To maintain the
subcarrier orthogonality during the overall transmission, we
propose to add a cyclic prefix (CP) of length 2L. Define
= [mki)]V_QL, . ,xgiN_l]T. The signal sent out from

K3
Xk,cp -
T, is expressed as | xg)cz xWT )T for i =1 and 2.

B. Relay processing

The relay R receives the signal

Tk0 (1)
Tyt 2 Xk—1,isi
’ 1
T = . = E Tyyarn(fi) | x7, +nyr,
i=1 (1)
Xk
-
k,N+2L—1
(4) (%) (4) @)
3 _ 1 g T
where x;”, ;. = [‘kaLNfL""?xkfl,Nfl] is the term

which causes the inter-symbol interference (ISI). Moreover,
each element in the noise vector ny, , is assumed to be inde-
pendent and identically distributed (i.i.d.) zero-mean complex
white Gaussian, with variance o2 .

We assume that the relay R employs the amplify-and-
forward scheme. It scales ry by the factor of

P, P,
a = 21 2 2 2 2 5 3
E{llrxl%} IfillFo? + (2505 + o3

where P, is the average transmission power of R. In the second
equality, we have made the assumptions that the transmitted
signals x(" and x? lated with vari 2 and o2

gnals x,’ and x; are uncorrelated with variances o1 and o5
respectively. Then the relay broadcasts ary to both terminals.

C. Signal reformulation at terminals

Due to symmetry, we only illustrate the processing at T;.
The (N +2L) x 1 vector received at Ty can be expressed as

Yk,0

Yk,1 OT b 1 5o

’ k—1,ist
Yk = ) =Tni2r(81) ary, + Ny,

Ye, N+2L—-1

(€]

_ T
where v _1isi = [T 1 niL--sTk_1.Np2r_1) » and each

element in the noise vector ny ; is assumed to be i.i.d. zero-
mean complex white Gaussian, with variance o, . Substituting
(2) into (4), we have

(1) (2)

k—1,cp xlcfl,cp
Vi =Tnior(hy) XSZP +T 2z (hg) Xk.cp e,
XS) X](f)
&)

where h; = a(g; *f1) and hy = a(g; * f5) with * being the
linear convolution between two vectors, and ny . denotes the
equivalent noise. Note that ny, . is not white. However, when
N > L, it can be approximated as white noise.

D. Data detection at terminals

After removing the first 2L elements of y, in (5), we obtain
a vector of size N:
(1)

N (2)
Yo = Tu(hy) | X
Xk

x _
+ Tn(hy) { ?g’ﬁp + Ny, (6)
Xk

where ny . is the last N elements of ny .. If the cascaded
channel h; is known to Ty, then the first term on the right-
hand side of (6) can be removed since T; knows its own
signal xg). If hy is known, the regular OFDM detection can
be efficiently performed using fast Fourier transform. So T,
can recover the data from Ts if both h; and hy are available.
Hence, our goal is to estimate h; and h,. Below we will show
how to blindly estimate these two cascaded channels from the
received signal yy.

III. PROPOSED METHOD FOR CHANNEL ESTIMATION
In this paper, we assume that x,(ql) and x,(f) are uncorrelated.
Moreover, the transmitted signals and the noises are uncorre-
lated as well. Under these two assumptions, we propose an

algorithm to estimate h; and hy blindly.

A. The estimation of h;

To estimate the (2L + 1) x 1 vector h;, our method is based
on power reduction. Define a cost function
2

2 )

F

J(hy) = E{

)
Y — Ta(hy) | v
k

where y. is the N x 1 vector in (6) and 1:11 is an estimate of

h;. Substituting (6) into (7) and simplifying the expression,

we have

J(hy) = N(oF by — hy||F+03 e[ F+|af*02,
> N (o3|b2||% + [af?0r,

gilz+o2)
g1l +07,) - (8)

Obviously, the cost function has the minimum if and only if
|h; — hy]|% = 0, or equivalently, h; = h;. Assume that T,
has collected K blocks. Then (7) can be approximated as

2

. 1 Kol . X}(Cl)
Ty = = 3 i~ Ty | X
k=0 Xk F
K-1
1 N2
= ? Hyk — \/NWTD(SS))WZLﬁ-lthF; (9)
k=0

where D(sg)) is a diagonal matrix with the elements of s,(:)
on the main diagonal, and Wy 1 is the first 2L 4 1 columns
of the DFT matrix W. Define that

y=[y% 57 vE ] (10)
and
T
s=| DY) DY) - Dy | an

Then (9) can be rewritten as

J(hy) = % Hy —VN(Ix ®WT)SW2L+1B1HZF, (12)
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where the symbol ® denotes the Kronecker product. The least
squares solution of (12) can be calculated as

1
VN
When K is large enough, we have STS ~
case, (13) can be approximated as

. -1
h, = ( 2L+1S SW2L+1) W£L+1ST(IK ®R W)y.
(13)

Ko?TIy. In this

© (Wyk), (14)

- 1

h; ~ \/NK 2 41 Z (s
where the symbol @ denotes the Hadamard product. Notice
that there is no scalar ambiguity in the estimation of h; since
s,(cl) and y are known at T;.

B. The estimation of hs

In order to estimate hy, we first remove the self-interfering
signal from the received vector. Define

e

zp =y — Tror(hy) (1 . (15)

Assuming that the estimation of h; is perfect (i.e. fll =hy),
from (5) and (15) we have

@

2z, = Ty ior(hy) | x? + 1. (16)

Note that the vector zy, is simply the received vector in an usual
OFDM system with channel hs and transmitted vector x}(f).
Many blind estimation methods have been proposed for the
estimation of hy from z;. Below, we will adopt the subspace
based algorithm in [11]. Define the re-modulated vector z;, =
T .

[Zk—1,2L7 c BRI N42L—10Rk,00 " zk,2L—1] , where R 18
the ith entry of z;. Then we construct the vector

Vi = Zj — Zk. (17)

Substituting (5) and (15) into (17), we have

(2
~ X ~
e TN(h2)(|: 357 ] —x ) +my, 2 Ty (ho)dy +my,

k,up
(18)
where x,i) is the first N — 2L elements of x( ) and 7 18
color noise. Therefore we carry out the whltemng process [11]
to get Ry, 1/2 v, where
ailar 0 colop,
R,/? = 0 Iy 0 (19)
color, 0 alap

with ¢ = \/ 225V and ¢y = 222V Atter whiten-

. . . —1/2
ing, the covariance matrix of R, / Vi can be represented as

E{R,?viviR;Y?} =R;/>Ty(hy)R,Th (ho)R 1/

+ UneIN+2L7 (20

where Rg = E{dkdl} is the covariance matrix of dj, defined
in (18) and U?Le is the average power of ny .. Utilizing
eigenvalue decomposition, (20) can be computed as

E{R;'?>v,viR,Y?} = U,ZU! + 02 U, U}, (@D
where X is an NV x N diagonal matrix and the (N +2L) x N
matrix Uy spans the signal subspace. On the other hand, the
(N 4+ 2L) x 2L matrix U, spans the noise subspace. That is,

UIR,'/*Ty(hy) = 0. (22)

Define that J; = [ Opp 1y; Tor4r Opiayvo1-g I”
for: =0,1,..., N — 1. Then (22) can be rewritten as

Uh, =0, (23)
where U £ [JTR,,'/*Uz, ..., 37 _ Ry"/*U%]T. Hence, we

can estimate ho (up to a scalar ambiguity) by calculating the
eigenvector corresponding to the smallest eigenvalue of UTU.
In summary, our algorithm is as follows.

1) Estimate h; by (14).

2) Eliminate the interference from T; by (15).

3) Calculate Ry"/?vy, by (17) and (19) and obtain the (N -+
2L) x 2L matrix U, spanning the noise subspace by
eigenvalue decomposition.

4) Estimate hy (up to a scalar ambiguity) by (23).

C. Multiple relay nodes

The extension to the case of multiple relay nodes is
straight forward. Suppose that we have M relay nodes
Ry, R,, ..., Rys. Let the channels from T; to R,,, be denoted
as f; (m) and the channels from R,, to T; be denoted as g(m) )
Then (2) becomes

1,ist

«<(®
2 Xp—
i = T (™) | <, |+, @)
e )
X

i=1

where ré ™) is the signal received by relay node R,, and n(m)

is the noise at R,,. When T receives the signal, (4) becomes

M (0% r(WL) .
Vi = Z TN+2L(g§m)) l a7nréc7;)1,zsz + Nyt (25)

mek

m=1

where o, is the scalar multiplied by relay node R,,, for power
normalization. Combining (24) with (25), the received vector
at Ty continues to have the form given in (5), but now the
cascaded channels are h; = SV _ a,, (g™ «£™)) and hy =
ZM 1 Qm (ggm) * f( )) Hence, the above methods can be
applied to the case of multiple relay nodes.

D. Comparison with an existing work

A blind channel estimation algorithm in OFDM-based
TWRN was proposed in [10]. Comparing our method with
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Fig. 2: Comparison of the MSE

that in [10], there are two major differences. One is that [10]
requires a precoding matrix P, where

1 60 --- 6
PP — 0 1
N 7
0 .- 0 1
A necessary condition on 6 is —ﬁ < @ < 1. In other

words, the‘kth transmitted vector from T; is the precodded
vector Ps,(;) instead of sg). Notice that for  # 0, P is not an
unitary matrix. The channel noise can be amplified when the
receiver performs the operation P!, It was shown in [10] that
when 6 increases from O to 1, the mean square error (MSE) of
channel estimate decreases. Due to noise amplification, larger
0 does not necessarily yield smaller BER, so there exists
a compromise between channel estimation error and BER.
Another difference between our method and [10] is that there
is a 2 x 2 ambiguity matrix in [10], or equivalently, there are
four ambiguity scalars. On the other hand, there is only one
ambiguity scalar in our algorithm.

IV. SIMULATION RESULTS

In the simulation, we consider a TWRN with one relay node.
The channel taps f; ; and g, ; are generated as independent and
identically distributed zero-mean complex Gaussian random
variables. The order of these channels is L = 8. The channels
are normalized so that [|fy[[% = |23 = [lg1 % = [lga]% =
1. The channel does not change while the channel estimation is
performed. The channel noise is additive white Gaussian noise
(AWGN), and the transmission symbols are QPSK. The size of
the DFT matrix is N = 64, and the length of CP is 2L = 16.
The total number of Monte-Carlo trials is M, = 2000, and
the number of received blocks is K = 500. In all plots, we
set 07 = 03 and 02 = o2 . The signal-to-noise ratio (SNR)
is defined as 03 /(a”02 +o03).

—— Proposed
—4A— Liao (6=0.1)
—<— Liao (6=0.5)
—— Liao (6=0.9)
Perfect Compensation

4 L L L

. . . . .
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Fig. 3: Comparison of the BER

We compare the performances of our method with the
method proposed by Liao et al. in [10]. As mentioned in
Section III-D, Liao’s algorithm has a compromise between
channel estimation error and BER. The parameter 6 in Liao’s
algorithm is set to 0.1, 0.5, and 0.9. From [10], it is founded
that § = 0.5 yields a good BER performance. Fig. 2 shows the
MSE performances. Since the MSEs of h; and hs by Liao’s
algorithm are the same, we plot one MSE curve only. From
the figure, we see that as 6 increases from 0.1 to 0.9, the MSE
of Liao’s algorithm decreases. For the estimation of h;, our
method is better than Liao’s methods for # = 0.1 and 0.5,
but worse than one for § = 0.9. As we will see in Fig. 3,
the BER performance for # = 0.9 is not good due to severe
noise amplification. For h,y, Liao’s method is better at low
SNR whereas our method is better at high SNR.

In Fig. 3, we show BER performances. Zero-forcing equal-
izers are used at the receiver. The “Perfect Compensation”
represents the case that the channel taps are perfectly known
at the receiver. It is seen that Liao’s method has the best BER
performance when 6 is set as 0.5. Though the MSE is the
smallest when 6 = 0.9, its BER performance is not good due
to the noise amplification problem of the precoding matrix P.
From Fig. 3, we see that the proposed algorithm outperforms
Liao’s methods when SNR > 10 dB, and the performance of
our method is close to the perfect compensation.

V. CONCLUSIONS

In this paper, we propose a blind channel estimation in
OFDM-based AF-TWRN. The first cascaded channel h; is
estimated by the power reduction method whereas the second
cascaded channel hs is estimated by the subspace method.
Simulation results show that our method yields a satisfactory
performance.
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