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Abstract
In this paper, we investigate an individual channel estimation problem for multiple-input
multiple-output (MIMO) two-way amplify-and-forward (AF) relay networks. To avoid
self-interference during the estimation of the individual MIMO channels, a novel blind
interference cancellation (BIC) approach is proposed based on an orthogonal preceding
framework, where a pair of orthogonal precoding matrices is utilized at the source nodes. By
designing an optimal decoding scheme, we propose to decompose the bidirectional
transmission into a pair of unidirectional transmissions. Unlike most existing approaches, we
make the practical assumption that the nonreciprocal MIMO channel and the mutual
interference of multiple antennas are both taken into consideration. Under the precoding
framework, we employ an orthogonal superimposed training strategy to obtain the individual
MIMO channels. However, the AF strategy causes the noise at the terminal to be the sum of
the local noise and the relay-propagated noise. To remove the relay-propagated noise during
the estimation of the second-hop channel, a partial noise-nulling method is designed. We also
derive a closed-form expression for the total mean square error (MSE) of the MIMO channel
from which we compute the optimal power allocation. The simulation results demonstrate that
the analytical and simulated curves match fully.
Keywords: Channel estimation, two-way relay network, orthogonal precoding,
superimposed training
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1. Introduction

Two-way wireless relay networks (TWRN) have attracted increasing interest due to their
ability to increase network throughput and reduce the power consumption [1]-[2].
Multiple-input multiple-output (MIMO) techniques combined with TWRN can achieve
significant multiplex gains and make full use the spatial domain with parallel independent data
streams [3]-[6]. In [7]-[13], a number of advanced techniques were developed to optimize the
MIMO relay network, such as optimal power allocation, relay precoding design, relay
selection and linear transceiver design, all of which require accurate channel state information
(CSI) of individual links in order to fully exploit the benefits of relay-aided networks.
However, the CSI for different links is unavailable in practical relay networks and therefore,
has to be estimated.
Unlike in traditional one-way relay networks, the receiver in two-way relay networks
receives a superposition of the signal consisting of an unknown desired part and a known
back-propagated part originating from itself, which is generally called self-interference [14]
and must be removed by exploiting the estimated CSI prior to symbol detection. Recently,
several training algorithms were developed to solve this problem. For the case of a
single-antenna scenario, the schemes presented in [15]-[17] are very limited because it is not
straightforward to extend them to multi-antenna scenarios due to the complicated constraint of
the training design and the mutual interference of multiple antennas. Regarding the MIMO
two-way relay network, Zhao et al. proposed a data-aided channel estimation algorithm that
used the self-interference to obtain the coarse estimation of a MIMO channel matrix in
[18]-[19]. In [20], Panah et al. investigated a pilot symbol-aided modulation where the
composite and individual CSIs are estimated by exploiting the orthogonal pilots over the
antenna arrays and the different terminals. In another study [21], the authors developed a
channel estimation scheme for two-hop MIMO relay systems using a parallel factor analysis,
which is applicable for both one-way and two-way relay networks with single or multiple relay
nodes. In [22], the authors proposed two different estimation schemes consisting of a
superimposed channel training scheme and a two-stage channel estimation scheme to obtain
the individual MIMO CSI. It is noted that the contributions of [18]-[22] summarized the
traditional interference cancellation framework and reported that the channel estimation must
be performed prior to the interference cancellation. In this way, the equivalent channels of the
TWRN comprised of the composite channels and the self-interfering channels are needed for
the estimation. However, the residual self-interference due to an inevitable channel estimation
error degrades the network performance and causes higher outage probabilities, bit error rates,
etc. especially for MIMO relay networks; this was fully evaluated in [23]-[24].
In this study, we consider an individual channel estimation problem for MIMO two-way
amplify-and-forward (AF) relay networks. To this end, we present a novel blind interference
cancellation (BIC) scheme based on an orthogonal preceding framework, where a pair of
orthogonal precoding matrices is utilized at the source nodes. In essence, the different
orthogonal precoding matrices project the corresponding data onto the null space that is
independent of the MIMO relay channel matrices [25]-[26]. By designing an optimal decoding
scheme at the receiver, we can decompose the bidirectional transmission into a pair of
unidirectional transmissions. Under the proposed precoding scheme, the self-interfering links
and the information-bearing links are decoupled and the required complexity of the training
design is greatly reduced.
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Unlike most existing approaches, we make the practical assumption that the nonreciprocal
MIMO channel and the mutual interference of multiple antennas are both taken into
consideration. Under the precoding framework, we employ the superimposed training strategy
to obtain individual MIMO channels. First, to minimize the mean square error (MSE) of the
composite MIMO channel, the optimal training sequences are designed with an orthogonal
property not only over the antenna arrays but also between the source node and the relay node.
However, the AF protocol causes the received noise at the terminal to be the sum of the local
noise and the relay-propagated noise. Moreover, to remove the relay-propagated noise during
the estimation of the second-hop channel, a partial noise-nulling (PNN) method is used at the
relay node. Finally, we derive the closed-form expression for the total MSE of the individual
MIMO channel and provide the optimal power allocation factor for the superimposed training
at the relay node.
The remainder of the paper is organized as follows. The system model is introduced in
Section 2 and the orthogonal precoding framework is designed in Section 3. The individual
channel estimation for the proposed scheme is discussed in Section 4 and the optimal power
allocation is presented in Section 5. The simulation results under different conditions are
presented in Section 6 and the conclusions are provided in Section 7.
Notations: Boldface upper-case letters denote matrices and boldface lower-case letters
denote vectors. The N × N identity matrix is denoted by I N . The superscripts H, *, and T
denote the complex conjugate transpose, complex conjugation, and transpose, respectively.
E{}
⋅ is the expectation operator and vec{}
⋅ denotes the vectorization operator that stacks all
column vectors of a matrix. The discrete Fourier transform (DFT) of a vector x is denoted by
x = FN x , where FN has (m, n) entry 1 N e − j 2π mn / N .

2. System Model
We consider a three-node MIMO-TWRN with an AF protocol shown in Fig. 1 including
two source nodes  1 ,  2 , and a relay node  , where  1 and  2 are equipped with N S
antennas and the relay node  has N R antennas. It is supposed that N R ≥ N S , so that the
network can support N S independent data streams as in [1]. In the first slot, both source nodes
transmit the data blocks to the relay node. In the second slot, the relay node amplifies the
received signals with a fixed gain and then broadcasts them to both source nodes. We assume
that there is no direct link between  1 and  2 . All of the nodes are assumed to operate in a
half-duplex mode, i.e., the nodes cannot transmit and receive at the same time. The MIMO
channels are assumed to exhibit flat Rayleigh fading and we assume that they do not change
within the round for one frame transmission but vary for different frames.
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.

First slot
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2

Fig. 1. Diagram of a two-way MIMO relay network with half-duplex antennas
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The source node considers a block-by-block transmission mode. As shown in Fig. 2, the
first block in each frame is devoted to training. The block length is N and the source training
block is divided into N S sub-blocks with a fixed length K ( N = N S K ), which is denoted by
t S (n) ∈ − K ×1 ,=
n 0,1,, N S − 1 . The N S sub-blocks are arranged in a source training matrix

=
TS [t S (1), t S (2),.., t S ( N S )]T ∈ N S × K , i ∈1, 2 . The average transmission power at  i is
constrained by:
Ps =

tr {TS TSH }

(1)

K

The key novelty is that a pair of precoding matrices P1 ∈ K ×M and P2 ∈ K ×M is employed at
each source nodes, where N S output vectors of the precoded training can be represented in
matrix form as:
 xTi (0) 


T
 xi (1)  =
Xi =
TS Pi ∈ − N S ×M , i =
1, 2



 T

 xi ( N s − 1) 

(2)

H
Note that the precoder matrix Pi has full rank with the property tr{Pi P=
M , i ∈1, 2 , which
i }
guarantees that the average power of the source data is unchanged after precoding [25]. In the
first slot, the source nodes simultaneously transmit the data block to  , where
xTi (n), n = 1, 2,.., N S of Xi is serially transmitted over the nth transmitting antenna. The
received signal at the relay node is faded due to the random MIMO channel and the relay noise
is added, which is expressed as:
(3)
R =H r1X1 + H r 2 X 2 + N R

where H r1 ∈ N R × N S and H r 2 ∈ N R × N S are the MIMO channel matrices from  1 to  and
 2 to  respectively; their entries are independent and identically distributed as complex
circular Gaussian random variables with a zero mean and the variances Ω1 and Ω 2 .
N R ∈ N R ×M is the noise matrix and its entries are the additive white Gaussian noise (AWGN)

with a zero mean and the variance σ R2 .

The relay  then amplifies the received signal R and superimposes its own training
matrix as depicted in Fig. 2. Therefore, the N R × M signal matrix transmitted by the  can
be denoted by:
(4)
Xr =
β R + TR (P1 + P2 )

i

TS Pi

DPi

DPi

DPi

NS × M



TR (P1 + P2 )

βR

βR

βR

βR

NR × M

Fig. 2. Structure of the transmission frame using relay superimposed training
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defined

later)

and

is the new relay training matrix. In the second slot, the
=
TR [t R (1), t R (2),.., t R ( N R )] ∈
relay broadcasts the resultant signal X r to both source nodes under an average power
constraint of:
T

NR ×K

Pr =

tr {X r X rH }

(5)
M
We divide the average relay transmission power Pr into two parts, where γ Pr is allocated to
the relay training matrix TR and (1 − γ ) Pr to the amplified received signal R , where the
power-allocation factor is satisfied by 0 < γ < 1 . The value of β is given as:

β=

(1 − γ ) Pr
N R [ Ps (Ω1 + Ω 2 ) + s R2 ]

(6)

Without loss of generality, we focus on signal processing at the source node  i , i ∈1, 2 .
According to equations (3) and (4), the received signal at  i is given as:
=
Yi H ir X r + N i
= ( β H ir H ri TS + H ir TR )Pi + ( β H ir H ri TS + H ir TR )Pi + β H ir N R + N i
(((((

((((((((
 (((

(7)

self-interference part

desired signal part

are also the AWGN as previously defined and
where the elements in the matrix N i ∈
H ir are the MIMO channel matrices from  to  i as previously defined ( i = 1, 2 ; i.e., i = 1
for i = 2 and i = 2 for i = 1 ) .
In summary, the following assumptions are made for the transmission model.
(A1) The AWGN added at the relay node and the source node  i are independent; each
NS ×M

element has a zero mean and the covariance σ R2 or σ i2 .

(A2) H ir and H ri are MIMO channel matrices; their entries are independent and
identically distributed as complex circular Gaussian random variables with a zero mean and
the variance Ωi .
(A3)

The

precoding

matrix

Pi ∈  K ×M is

full

row-rank

with

K<M

and

satisfies tr{P=
M
=
, i 1, 2 . This property guarantees that the average power of the source
iP }
data is unchanged after precoding [25]-[26].
H
i

3. Orthogonal Precoding Design
The key novelty in our proposed BIC is that the training matrix TS is postmultiplied by the
specific precoding matrix Pi ; i.e.,
=
Xi T=
1, 2 , which means that each row vector
S Pi , i
xTi (n) of Xi is the linear combination of the row vectors of Pi . From a vector-space
perspective, the rows of the matrix Xi belong to the subspace spanned by the row vectors of
the precoding matrix Pi [25]. Hence, each row of the desired received signal part in equation
(7) also belongs to the row subspace of Pi , which is independent of the unknown MIMO
channel matrix [25]. As a result, the desired received signal part and the self-interference part
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can be decoupled by using different precoding matrices at both source nodes and by
maintaining the orthogonal complement of the row subspace between P1 and P2 . In order to
cancel the respective self-interference and estimate the individual channel, a simple decoding
strategy is designed at both source nodes with the decoding matrix Qi ∈ M × K ; the resulting
signal at the source node  2 is given by:
YiQ = Yi Qi
= ( β H ir H ri TS + H ir TR )Pi Qi + ( β H ir H ri TS + H ir TR )Pi Qi + N e

(8)

where the equivalent noise matrix
=
N e β H ir N R Qi + N i Qi and the decoding matrix Qi satisfy
the following properties:
(9)
P
=
I=
1, 2
K, i
i Qi
Then the decoding matrix Qi , i = 1, 2 can be obtained:
H
H −1
(10)
=
Qi P=
1,2
i ( Pi Pi ) , i
On the other hand, to cancel the self-interference signal in equation (8), we design the decoder
matrix Qi ∈ M × K so that it is contained in the null space of Pi , i.e.,

(11)
Pi Qi = 0 K
Moreover, we consider maximizing the signal-to-noise ratio (SNR) in equation (8) and define
the effective SNR as:
E{|| ( β H ir H ri TS + H ir TR )Pi Qi ||}
(12)
SNR =
E{|| N e ||}
One is then interested in finding the decoding matrix Qi to maximize the above SNR, which is
equivalent to designing the precoding matrix Pi . As a result, the problem is actually the
minimization of the noise power E{|| N e ||} with the optimal precoding matrix Pi , which is
denoted by:
E{|| N e ||}
=
tr {E{( β H ir N R + N i )Qi QiH ( β H ir N R + N i ) H }}

= N S ( β 2 N R Ωiσ R2 + σ i2 )tr {Qi QiH }

(13)

= N S ( β 2 N R Ωiσ R2 + σ i2 )tr {(Pi PiH ) −1}

which is equivalent to minimizing tr {(Pi PiH ) −1} under the constraint condition in (A3). For
an L × L positive definite matrix M , we have tr(M )tr(M −1 ) ≥ L2 , where the equality holds if
and only if M = λ I L for some nonzero constant λ . Using this and the fact that

tr {(Pi PiH ) −1} is positive definite, Pi PiH = (1 / α )I K is satisfied when tr {(Pi PiH ) −1} is

minimized and the constant α is defined later.
The following summarizes the relevant conditions regarding the precoding matrices and the
decoding matrix.
(C1) According to equations (9) and (11), different precoding schemes at  i are employed
and we can guarantee that the subspaces spanned by the row vectors of P1 and P2 are
orthogonal with:
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span{P1}  span{P2 } = {0}
where span{}
⋅ stands for the linearly spanned space of the row vectors of a matrix.

(14)

(C2) The precoding matrix Pi ∈  K ×M is full row-rank under the constraint conditions that
Pi PiH = (1 / α )I K , i = 1, 2 , where α = K / M .
The optimal precoding and decoding matrices can be chosen from an arbitrary orthogonal
matrix O ∈ M ×M as follows:

=
P1

M
O(1: K ,:) ∈  K ×M
K

(15)
M
K ×M
P2=
O( K + 1: M ,:) ∈ 
K
where O(i : j ,:) denotes the ith to the jth rows of the orthogonal matrix O and M = 2 K is
usually chosen for a symmetrical transmission procedure.

4. Individual Channel Estimation
4.1 The optimal training design
In our work, we consider the case of a nonreciprocal MIMO channel. Due to the
self-interference operation with the decoding matrix, according to equation (8), the resulting
signal at the source node can be rewritten in terms of an information-bearing cascaded MIMO
channel Wii = H ir H ri and a second-hop MIMO channel H ir as
YiQ = YQi

(16)
= β Wii TS + H ir TR + N e
Considering the structure of the received training signal block, a similar Least Square (LS)
approach in a one-way relay network can be applied directly to estimate the individual MIMO
channel matrices ( H ir and H ri ). Accordingly, the received training block after vectorization
can be denoted by:
y i = vec {YiQ }
= β (TST ⊗ I N S )w ii + (TRT ⊗ I N S )hir + β (QTi ⊗ H ir )n R + (QTi ⊗ I N S )ni

(17)

w 
=  β (TST ⊗ I N S ) TRT ⊗ I N S   ii  + β (QTi ⊗ H ir )n R + (QTi ⊗ I N S )ni
((((((((  hir 

Σ
qi

where w ii = vec( Wii ) , hir = vec(H ir ) , n R = vec(N R ) , ni = vec(N i ) . Here, the property of
the vectorization operator that vec{ABC
=
} (CT ⊗ A)vec{B} has been used to obtain equation
(17). Due to its simplicity, the LS estimator is applied at the source node  i to estimate w ii
and hir . We have:
qˆ i = Σ† y i

(18)

ˆ ii and hˆ ir are obtained from the corresponding vectors of qˆ i . According
The estimates w

to Wii = H ir H ri , we note that the first-hop channel H ri may be expressed as:
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ˆ } vec{H
ˆ†W
ˆ }
hˆ ri vec
=
=
{H
ir
ri
ii
†
ˆ
ˆ
= (I ⊗ H ) w
NS

ir

(19)

ii

Using the MSE for the estimation of the individual MIMO channels is an obvious choice as
ˆ ii is
a criterion for the optimal training design. However, the relationship between hˆ ri and w
nonlinear, making it a big challenge to derive a closed-form expression for the MSE. However,
the estimation accuracy of the individual MIMO channels is highly related to the quality of the
estimation of qi . As a result, the MSE for the LS estimation of qii is used as the criterion for
the optimal training design with a closed-form expression. Under the relevant condition in C2,
we have: Qi QiH = α I M . The MSE of qˆ i is directly given by:
E{ qˆ − q
=
} α ( β 2 N R Ωiσ R2 + σ i2 )tr {( Σ H Σ) −1}

(20)

where the expectation operation fully considers the noise and the MIMO channel statistics. A
similar type of minimization was taken into consideration in [2] and [20]; we note that:
 β 2 (TS TSH ⊗ I N S ) β (TS TRH ⊗ I N S ) 
(21)
ΣH Σ = 

H
TR TRH ⊗ I N S 
 β (TR TS ⊗ I N S )
Assuming that Σ is full-column rank, it is clear that Σ H Σ is the positive definite matrix.
Based on the Cauchy-Schwarz inequality, we note that:

tr {( Σ Σ)
H

−1

N S2 + N S N R

}≥ ∑
i =1

1
[ Σ Σ]ii

(22)

H

where the MSE of qi is minimized only if Σ H Σ is a diagonal matrix, i.e., the equality in
equation (22) holds. Considering the mutual interference of multiple antennas in the MIMO
system, the optimal training design should satisfy the following conditions:
(C3) TR TSH 0=
TS TRH 0
=

(23)
Ps K
γ Pr K
=
I N S TR TRH
IN
R
NS
NR
To design the optimal source training and relay training, we need at least N S + N R mutually
orthogonal vectors. Inspired by the training design in [18], the orthogonal vector groups may
be generated from the K × 1 single-root sequence c 0 for K ≥ N S + N R . After N S + N R
 .
circular shifts for c in the frequency domain, we have the K × ( N + N ) circular matrix C
=
(C4) TS TSH

0

S

R

0

We denote the circular orthogonal matrix as:

T = K FKH C
0

(24)

where FK is the DFT matrix defined in the notations. Then, the optimal source training
sequences are obtained from the first N S rows of the circular orthogonal matrix while the
optimal relay ones are obtained from the next N R rows, i.e.,
TST =
=
TRT

Ps
T(:,1: N S )
NS
Pr
T(:, N S + 1: N R )
NR

(25)
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With the selection of the training sequences, we guarantee that the conditions (C3)-(C4)
are satisfied and that the MSE of qi is minimized.
4.2 Noise-nulling at the relay
Because the relay noise is amplified by the relay-received signal according to equation (20),
the noise at the receiver is the sum of the local noise and the relay-propagated noise; the latter
has a serious effect on the MSE of the individual MIMO channel.
According to the optimal training design described in section 4.1, the source training and
relay-training sequences are orthogonal to each other and occupy different pins in the
frequency domain. In that case, we propose a method in which the partial noise is nulled at the
relay.
To remove the relay-propagated noise during the estimation of the second-hop link, a PNN
method is designed, where some special frequency components of the received training at the
relay are discarded prior to training superimposition so that the relay-propagated noise added
to the relay training is completely cancelled during channel estimation.
We assume that the indices of the non-zero pilot tones corresponding to TR belong to r .
diagonal matrix J diag{J (0), J (1),, J ( K − 1)} is defined by:
A K × K frequency-domain
=
1 k ∈ r
(26)
J (k ) = 
0 otherwise
 . For a
The corresponding diagonal matrix in the time domain is given by J = FKH JF
K
received training signal, the M × M noise-nulling matrix under the orthogonal preceding
framework is given by:

(27)
J N = Q1 (I K − J )T P1 + Q 2 (I K − J )T P2
The relay first nulls the noise from the received vector R and then amplifies it before
adding the relay-training matrix TR on top of it. According to equation (4), the signal matrix
transmitted by  using PNN method can be refreshed by:

X r = β ′RJ N + TR (P1 + P2 )
where β ′ is the modified amplification factor which is reset as:

β′ =

(1 − γ ) Pr
N R {Ps (Ω1 + Ω 2 ) + [1 − N R / ( N S + N R )]s R2 }

(28)

(29)

5. Optimal power allocation
With the objective to minimize the total MSE of the Wii and H ir , the optimal power
allocation between the relay training and the relay-received signal is formulated as:
MSEwii + MSEhir
min
Pi ,Qi
(30)
s.t.
(C3), (C4)
However, with the PNN method employed at the relay node, the MSE of qii = [w Tii , hTir ]T is
altered. According to equation (20), the MSE of w ii and the MSE of hir can be denoted by:
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MSEhir =

α N S N R2σ i2
γ KPr

(31)

2
2
α N S3 ( β ′2 N R Ωiss
R + i )
(32)
β ′2 KPs
According to equation (31), it is clearly noted that after PNN at the relay node, the MSE for the
estimation of the second-hop MIMO channels is not affected by the relay-propagated noise.
Substituting MSEh and MSEw into equation (30), we can verify that the optimal problem
for the total MSE can be traced to the power-allocation factor γ . It is noted that, from a
practical deduction, the objective function can be denoted by:
2
2
α N S3 ( β ′2 N R Ωiss
α N S N R2s i2
R + i )
=
f (γ )
+
β ′2 KPs
γ KPr
(33)
3
2
3
2
α N S N R Ωis R α N S N R χs i α N S N R2s i2
=
+
+
KPs
(1 − γ ) Pr KPs
γ KPr

MSEwii =

ir

where =
β′

ii

(1 − γ ) Pr / N R χ

and χ= Ps (Ω1 + Ω 2 ) + [1 − N R / ( N S + N R )]s R2 . The first

derivation can be expressed as:

α N S3 N R χs i2 α N S N R2s i2
−
−
f ′(γ ) =
(1 − γ ) 2 Pr KPs
γ 2 KPr

(34)

0
N S2 χγ 2 + (1 − γ ) 2 N R Ps =

(35)

when f ′(γ ) = 0 , we have
the optimal γ can be derived as:

γ1 =

N R Ps − N S N R Ps χ
N R Ps − N χ
2
S

,γ2 =

N S N R Ps χ + N R Ps
N R Ps − N S2 χ

(36)

Obviously, we have N R Ps − N S2 χ < 0 . As a result, γ 1 is the only effective solution.

6. Simulation Results
In this section, we present the simulation results to evaluate the proposed scheme with the
fixed antenna parameters N=
2 . All the transmission nodes are assumed to have the
N=
S
R
2
2
same power constraint, i.e., Ps = Pr . The SNRs of the links are assumed=
as σ n2 σ=
1
R =σ i
2
and=
SNR P=
Pr / n2 . The MIMO channel is randomly generated and assumed to have
s / ss
n

uncorrelated Rayleigh fading. The variance of the MIMO channel matrix Ωi = / diε , where
di denotes the distances between  i and  , ε = 3 ,  = 1 . The relay node is assumed to be
positioned in the middle between the two source nodes so that d=
d=
1.
1
2
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6.1 Complexity Analysis
To avoid self-interference during the estimation of the individual MIMO channels, we
propose the BIC scheme. The key novelty is that a pair of precoding matrices is employed at
each source nodes. Correspondingly, by designing an optimal decoding scheme at the receiver,
we can decompose the bidirectional transmission into a pair of unidirectional transmissions.
As a result, extra KM number of multiplication is performed at the transmitting node and the
receiving node respectively.
What’s more, to remove the interference from the relay-propagated noise, we propose a
method in which the partial noise is nulled at the relay. In theory, the DFT/IDFT operations are
firstly needed for the received signal at the relay and then some frequency components of the
received training signal are discarded to null the relay-propagated noise. However, nulling
operations can be equivalently performed in time domain with low computational complexity
in practice, even only addition/abstraction operations are requested in some cases. Comparing
to the ST schemes in [22], only extra M 2 number of multiplication is performed at the relay
node.
It is seen that as compared with the ST scheme in [22], the extra operations for the
proposed scheme is small, which can be negligible as compared with complicated channel
estimation for two-way relay networks.
6.2 MSE performance
As is shown in Fig. 3, we first investigate the estimation performance of the individual
MIMO channels with different training designs. Consider that each training block consists of 8
training symbols, which are divided into N S = 2 blocks with a fixed length K = 4 and
arranged into a 2 × 4 source training matrix TS . Accordingly, a pair of precoding matrices P1
and P2 are of the size 4 × 8 ( M = 8 ) and are selected from a 8 × 8 Walsh-Hadamard matrix.
We assume that the power allocation factor is γ = 0.1 unless stated otherwise. For comparison,
two kinds of training designs are taken into consideration: (1) a fully uncorrelated training
design based on section 4.1, where the training designs are independent between the relay
node and the source node and for all antennas, i.e., TS TRH = 0 ; (2) a training design
uncorrelated for all antennas but equal for the relay node and source node, i.e., TS = TR . It is
clearly noted that the optimal training design has a better MSE performance because the
interference between the source and relay training is completely cancelled. When more power
is allocated to the relay-received signal, the cascaded MIMO channel (denoted by ‘ W ’ in the
figure) is more accurate than the second-hop MIMO channel (denoted by ‘ H ir ’ in the figure)
estimator. As we can see, the PNN method provides a substantial improvement in the accuracy.
In the scenario without PNN method, the relay simply adds its own training to the amplified
version of the received training signal, where the relaying noise is also amplified and
propagated through fading individual channel. Consequently, the equivalent noise is the
colour noise, including the local AWGN and the amplified version of the propagated noise
from the relay node, which degraded the estimation performance of individual channel ( H ir ).
To remove the relay-propagated noise during the estimation of the second-hop link, a PNN
method is designed, where some special frequency components of the received training at the
relay are discarded prior to training superimposition so that the relay-propagated noise added
to the relay training is completely cancelled during channel estimation. The analytical
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performance (denoted by ‘Theory’ in the figure) is obtained from equations (20), (31), and
(32). The simulation results closely approach the analytical MSE value.
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Fig. 3. MSE performance of the LS estimator using BIC with different training designs

As is shown in Fig. 4, we investigate the estimation performance of the individual MIMO
channels with different training lengths ( K = 4,8,16 ). It is clearly noted that both the MSE
performance of the cascaded MIMO channel and the second-hop MIMO channel with the
PNN method improve with an increasing number of the training length; this is consistent with
the derivation of equations (31) and (32).
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Fig. 4. MSE performance of the LS estimator using BIC with K = 4,8,16
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To investigate the validity of the BIC schemes, we compare them with the superimposed
training (ST) scheme and two-stage scheme in [22] (denoted by “ST” and “Two-Stage” in the
figures). In the simulation, we assume that the power allocation factor is γ = 0.1 and the
training length K = 4 for all of the channel estimation schemes. The MSE of the individual
channel estimation versus SNR is shown in Fig. 5. It is seen from Fig. 5 that the three schemes
almost have the same performance of cascaded links ( W ). Moreover, it is clearly seen that
due to the effect of relay propagated noise, the BIC scheme is much better than the ST scheme
and almost the same with two-stage scheme in the MSE of individual links ( H ir ). It is because
that the relay simply adds its own training to the amplified version of the received training
signal in ST scheme, where the relaying noise is also amplified and propagated through fading
individual channel. Consequently, the equivalent noise is the colour noise, which degraded the
estimation performance of individual channel ( H ir ) in ST scheme. However in the two-stage
scheme, both source nodes are silent at the first stage, while the relay node broadcasts the relay
training to both receive node for the individual channel ( H ir ) which is totally unaffected by
relay propagated noise.
Actually, both the ST scheme and two-stage scheme can avoid self-interference during the
estimation of the individual MIMO channels with optimal training design. However, the
two-stage scheme has to occupy the extra communication slots which reduce the transmission
efficiency seriously. As for ST scheme, besides the impact of the relay propagated noise, the
complicated orthogonal constraint must be enforced, which implies the source node in relay
networks not only has to preknow the information of the relay training but also the information
of the source training of the other source node in order to design their own training sequences
to maintain the special form of orthogonality. As a result, extra overheads are needed to
coordinate the training design of different nodes. Finally, on the basis of above analysis, the
proposed BIC scheme has obvious advantages.
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Fig. 5. MSE performance comparison between BIC scheme and other different schemes
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6.3 Power allocation
Fig. 6 shows the individual MSE performances using a PNN method when
SNR = 10, 20,30dB . As before, the training matrix has a size of 2 × 4 ( N S = 2 , K = 4 ) while
the pair of precoding matrices P1 and P2 are of size 4 × 8 ( M = 8 ). When more power is
allocated to the relay training, the second-hop MIMO channel achieves a better estimation
performance. In contrast, when less power is allocated to the relay-received source training
signal, the cascaded MIMO channel estimator exhibits a worse performance.
As is shown in Fig. 6, the total MSE in equation (30) is obtained using the optimal training
design with respect to the power-allocation factor γ when SNR = 10, 20,30dB . According to
equation (36), there is an optimal value of the power-allocation factor that minimizes the total
MSE. The derivation of the optimal values when SNR = 10, 20,30dB is shown in Table 1 It is
evident in Fig. 6 that the analytical and simulated curves are perfectly matched for all SNRs
and that the optimal power-allocation factor is insensitive to the SNR when SNR ≥ 10dB .
Table 1. The optimal power-allocation factor with different SNRs

SNR
10dB
20dB
30dB

The optimal power-allocation factor
γ = 0.3306
γ = 0.3331
γ = 0.3333
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Fig. 6. MSE performance of the LS estimator using a PNN method for different power-allocation
factors when SNR = 10, 20,30dB

5. Conclusion
To remove the self-interference during the estimation of individual MIMO channels, we
present a novel BIC scheme based on an orthogonal preceding framework, where a pair of
orthogonal precoding matrices is utilized at the source nodes. Under the precoding framework,
we use the orthogonal superimposed training strategy to obtain the individual MIMO channels.
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To remove the relay-propagated noise during the estimation of the second-hop channel, a PNN
method is designed and the closed-form expression for the total MSE of the MIMO channel is
derived. The optimal power allocation is obtained from the expression. The simulation results
demonstrate that the PNN method provides a substantial improvement in accuracy for the
second-hop MIMO channel estimation and that the analytical and simulated optimal
power-allocation factors are fully matched.
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