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We consider the training design and channel estimation in the amplify-and-forward (AF) diamond relay network. Our strategy is
to transmit the source training in time-multiplexing (TM)mode while each relay node superimposes its own relay training over the
amplified received data signal without bandwidth expansion.The principal challenge is to obtain accurate channel state information
(CSI) of second-hop link due to the multiaccess interference (MAI) and cooperative data interference (CDI). To maintain the
orthogonality between data and training, a modified relay-assisted training scheme is proposed to migrate the CDI, where some
of the cooperative data at the relay are discarded to accommodate relay training. Meanwhile, a couple of optimal zero-correlation
zone (ZCZ) relay-assisted sequences are designed to avoid MAI. At the destination node, the received signals from the two relay
nodes are combined to achieve spatial diversity and enhanced data reliability. The simulation results are presented to validate the
performance of the proposed schemes.

1. Introduction

To combat the effects of multipath fading in wireless net-
works, relay cooperative communication is proposed to gen-
erate a virtual multiple-antenna network by sharing antennas
[1, 2].This topic has been the subject of intensive research due
to its potential for providing spatial diversity and coverage
extension without the limitation of hardware complexity
[3]. The diamond relay network is one of the special cases
of the multiple-relay networks. Specifically, with only two
relays utilized, the diamond relay network can yield diversity
benefits to combat fading and be simple enough to design the
transmission protocol and efficient scheduling [4]. Moreover,
as compared to three-node network with a single relay
utilized, the most advantage of the diamond relay network
is that different relays can transmit and receive at the same
time, which in turn translates to gains due to spatial reuse
[5]. Many applications practical in diamond relay network
have been studied, for example, the optimal power allocation
[6, 7], the optimal opportunistic relay scheme [8–11], and
the optimal position selection of relays [4, 5]. In essence, a
diamond relay network is a cascade of two single-hop links

consisting of the broadcast channel and the multiple-access
channel. However, purely knowing the cascaded channel is
insufficient to support the above optimal design in diamond
relay network. As a result, channel estimation problems are
generally more challenging in diamond relay networks than
in three-node relay networks.

With regard to an amplify-and-forward- (AF-) based
relay cooperation system, most research has focused on
acquiring the cascaded channel state information (CSI).
The authors in [12] designed a cyclic-orthogonal training
sequence and presented a practical estimation algorithm for a
cascaded channel. In [13], the authors derived necessary and
sufficient conditions for a relay amplifying matrix in Multi-
Input Multi-Output (MIMO) systems. However, the schemes
presented in [12, 13] cannot be adopted for estimating an
individual channel. For most applications, the CSI of an
individual link is indispensable at the receiver to perform
signal retrieving and system optimization [14, 15]. Recently,
it has been shown in [16] that a multiuser receiver can be
used to blindly estimate the channel matrices associated
with both individual links. Unfortunately, it is difficult to
obtain an instantaneous CSI. The subsequent work in [17]
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had expanded the superimposed training scheme presented
in [18] to the area ofmultirelay networks.The authors derived
optimal pilot symbol designs including both modification
diagonal matrix and relay superimposed pilot symbol. Nev-
ertheless, the orthogonal constraint among the source pilot,
superimposed pilot, and themodificationmatrix demands an
additional spending and a protocol to coordinate the relay-
pilot sequence andmodificationmatrix with the special form
of orthogonality, which adds additional complexity to power
allocation and joint optimization.

A typical example is theAF-based diamond relay network
consisting of source node (SN), destination node (DN), and
two AF half-duplex relay nodes with no direct link between
the source and the destination [19]. In this paper, we consider
an AF-based diamond relay network and propose a modified
relay-assisted training strategy to estimate second-hop link.
Our strategy is to transmit the source training and data
in time-multiplexing (TM) mode from the SN, while each
relay superimposes its specialized relay training over the
amplified received data vectors. In this manner, the complex
problem of a joint optimization design of source training
and relay training is disassembled into two independent
optimization design problems. In the work, two methods are
employed to eliminate cooperative data interference (CDI)
and multiaccess interference (MAI). Firstly, to remove the
effects of the unknown cooperative information-induced
interference on the estimator of second-hop links, some
cooperative information-bearing data tones of the received
signal at each relay node are discarded to accommodate relay
training sequence to keep the orthogonality between data
and training. Meanwhile, a simple iterative reconstruction
method is employed to compensate the distortion at the
DN. Secondly, we derive a couple of optimal zero-correlation
zone (ZCZ) relay-assisted sequences designed to eliminate
theMAI andminimize theMSEwhen estimating the second-
hop (R1−D,R2−D) channel [20, 21]. At the DN, the received
signals from each relay node are combined to achieve spatial
diversity and enhance data reliability. The simulation results
are presented to prove the performance of the proposed
schemes.

The rest of the paper is organized as follows. In Section 2,
we present the AF-based diamond relay network. The design
of the training sequences at relay nodes is described in
Section 3. The detection performance and iterative recon-
struction method are introduced in Section 4. The simula-
tions results are presented in Section 5 and conclusions are
drawn in Section 6.

Notation 1. Superscripts�퐻,�푇, and † denote the complex con-
jugate transpose, transpose, and pseudo-inverse, respectively.
The �푁 × �푁 identity matrix is denoted by I. The Discrete
Fourier Transform (DFT) of the �푁 × 1 vector x is denoted
by x̃ = F�푁x, where F�푁 has (�푚, �푛) entry 1/√�푁�푒−�푗2�휋�푚�푛/�푁.
2. System Model

We consider a single-carrier transmission in the AF-based
diamond relay network operating in a frequency-selective
fading environment, where the data is transmitted from the
SN to the DN through two relay nodes R1, R2 as shown in
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Figure 1: Diagram for cooperative diversity with two relay nodes.
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Figure 2: Structure of one frame with relay-assisted training.

Figure 1. The individual channel impulse response links are
defined as h�푆�푅𝑖 = [ℎ�푆�푅𝑖(0), ℎ�푆�푅𝑖(1), . . . , ℎ�푆�푅𝑖(�퐿�푆�푅𝑖 −1)]�푇, h�푅𝑖�퐷 =[ℎ�푅𝑖�퐷(0), ℎ�푅𝑖�퐷(1), . . . , ℎ�푅𝑖�퐷(�퐿�푅𝑖�퐷 − 1)]�푇, �푖 = 1, 2. Individual
channel taps are independent and Rayleigh-distributed asℎ�푆�푅𝑖(�푙) ∼ CN(0, �휎2�푆�푅𝑖 ,�푙), ℎ�푅𝑖�퐷(�푙) ∼ CN(0, �휎2�푅𝑖�퐷,�푙). The signal
transmission between S and D can be partitioned into two
time slots. We consider a cyclic prefix (CP) single-carrier
transmission system and assume perfect synchronization for
both transmission phases.

At the SN, we first design a frame consisting of the
training block t�푆 = [�푡�푆(0), �푡�푆(1), . . . , �푡�푆(�푁 − 1)]�푇 and the data
block d = [�푑(0), �푑(1), . . . , �푑(�푁 − 1)]�푇, where �푁 denotes the
block length. To avoid interblock interference at both relay
nodes and theDN, aCP of a length�퐿�푐�푝 ≥ max {�퐿�푆�푅1−1, �퐿�푆�푅2−1} is inserted into the front of each block before transmission
and is removed after reception. During the first time slot, the
SN transmits one data block to each relay nodes with average
power of �퐸[(t�푆)�퐻t�푆] = �퐸[d�퐻d] = �푁�푃�푠.

At the second time slot, R1 and R2 amplify the received
signal and forward the signal to D with average power of�퐸[(z�푡�푖)�퐻z�푡�푖] = �퐸[(z�푑�푖 )�퐻z�푑�푖 ] = �푁�푃�푟, respectively. In our strategy,
relay-assisted training is superimposed onto the top of the
amplified data vector as illustrated in Figure 2. Due toMAI,D
cannot identify the corresponding relay channels. Therefore,
linear modification diagonal matrix is designed for training
signal at each relay.

After the signal processing at each relay node, the retrans-
mitted signal is given by, respectively,

z�푡�푖 = �훽�푡�푖Λ�푖r�푡�푖 = �훽�푡�푖Λ�푖H�푆�푅𝑖t�푆 + �훽�푡�푖Λ�푖n�푡�푅𝑖 ,
z�푑�푖 = �훽�푑�푖 r�푑�푖 + t�푅𝑖 = �훽�푑�푖 H�푆�푅𝑖d + t�푅𝑖 + �훽�푑�푖 n�푑�푅𝑖 ,

(1)
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whereH�푆�푅𝑖 is an�푁×�푁 circulantmatrix, with the first columns[(h�푆�푅𝑖)�푇, 01×(�푁−�퐿𝑆𝑅𝑖 )]�푇, and n�푡�푅𝑖 , n�푑�푅𝑖 are circular complex
white Gaussian noise with zero mean and covariance matrix
cov(n�푡�푆�푅𝑖) = cov(n�푑�푆�푅𝑖) = �휎2�푛I, �훾�푃�푟𝑖 that is allocated to the
relay training, that is, �퐸[(�푡�푅𝑖)�퐻�푡�푅𝑖] = �훾�푁�푃�푟𝑖 , and (1 −�훾)�푃�푟𝑖 is allocated to the amplified received data, where0 < �훾 < 1. The modification diagonal matrix Λ�푖 =
diag {Λ �푖(0), Λ �푖(1), . . . , Λ �푖(�푁 − 1)} is set, where Λ �푖(�푘) =�푒�푗2�휋(�푖−1)(�푘−1)/�푁 and the amplified factors are given by

�훽�푡�푖 = √ �푃�푟𝑖�푃�푠�휎2ℎ𝑆𝑅𝑖 + �휎2�푛 ,

�훽�푑�푖 = √ (1 − �훾) �푃�푟𝑖�푃�푠�휎2ℎ𝑆𝑅𝑖 + �휎2�푛 ,
(2)

where �휎2ℎ𝑆𝑅𝑖 = ∑�퐿𝑆𝑅𝑖−1
�푙=0

�휎2ℎ𝑆𝑅𝑖 ,�푙.The received signal at the DN can
be expressed by

y�푡 = 2∑
�푖=1

H�푅𝑖�퐷�훽�푡�푖Λ�푖r�푡�푖 + n�푡�퐷

= �훽�푡1H�푅1�퐷Λ1H�푆�푅1t�푆 + �훽�푡2H�푅2�퐷Λ2H�푆�푅2t�푆 + n�푡�푍,
(3)

y�푑 = 2∑
�푖=1

H�푅𝑖�퐷�훽�푑�푖 r�푑�푖 + n�푑�퐷

= (�훽�푑1H�푅1 + �훽�푑2H�푅2) d +H�푅1�퐷t
�푅1 +H�푅2�퐷t

�푅2 + n�푑�푍,
(4)

where H�푅𝑖�퐷 is an �푁 × �푁 circulant matrix, with the first
columns [(h�푅𝑖�퐷)�푇, 01×(�푁−�퐿𝑅𝑖𝐷)]�푇, n�푡�퐷, n�푑�퐷 are circular complex
white Gaussian noise, H�푅𝑖 = H�푆�푅𝑖H�푅𝑖�퐷, with �퐿�푅𝑖 = �퐿�푆�푅𝑖 +�퐿�푅𝑖�퐷 − 1, �퐿�푆 = max {�퐿�푅1 , �퐿�푅2}. And n�푡�푍 = ∑2�푖=1 �훽�푡�푖Λ�푖n�푡�푅𝑖 + n�푡�퐷,
n�푑�푍 = ∑2�푖=1 �훽�푑�푖 n�푑�푅𝑖 +n�푑�퐷, n�푡�푅𝑖 , n�푑�푅𝑖 are also circular complex white
Gaussian noise.

3. Design of the Relay Training Sequence

With the purpose of signal retrieving and obtaining diversity,
individual channel estimation is required in a diamond relay
network. From (4), the received data signal can be expressed
as follows:

y�푑 = Φ�퐿𝑅1𝐷 [t�푅1] h�푅1�퐷
+Φ�퐿𝑆 [d] (�훽�푑1h�푅1 + �훽�푑2h�푅2) +Φ�퐿𝑅2𝐷 [t�푅2] h�푅2�퐷 + n�푑�푍⏟�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰�㷰⏟

k𝑑

, (5)

where Φ�퐿[x] is an �푁 × �퐿 column-wise circulant matrix with
the first column x. It is noted that k�푑 includes the equivalent
noise n�푑�푍 that is related to the specific realization of h�푅𝑖�퐷, the
extra CDI term Φ�퐿𝑆[d](�훽�푑1h�푅1 + �훽�푑2h�푅2), and the MAI term
Φ�퐿𝑅2𝐷

[t�푅2]h�푅2�퐷. Assuming that the received data, training
sequence, and noise in (5) are mutually independent, the
covariance matrices of k�푑 can be written, respectively, as

C�푑 = �퐸 (k�푑k�퐻�푑 ) = [(�훽�푑1�휎2ℎ𝑅1 + �훽�푑2�휎2ℎ𝑅2 )�푃�푠 + �휎2ℎ𝑅2𝐷�훾�푃�푟2
+ (�훽�푑1�휎2ℎ𝑅1𝐷 + �훽�푑2�휎2ℎ𝑅2𝐷 + 1) �휎2�푛] I�푁 = �휎2V𝑏I�푁,

(6)

where �휎2ℎ𝑅𝑖𝐷 = ∑�퐿𝑅𝑖𝐷−1
�푙=0

�휎2ℎ𝑅𝑖𝐷,�푙, �휎2ℎ𝑅𝑖 = ∑�퐿𝑆𝑅𝑖+�퐿𝑅𝑖𝐷−2
�푙=0

�휎2ℎ𝑅𝑖,𝑙 with�휎2ℎ𝑅𝑖,𝑙 = ∑�푙�푗=0 �휎2ℎ𝑆𝑅𝑖 ,�푗�휎2ℎ𝑅𝑖𝐷,(𝑙−𝑗) . Without loss of generality, we take

the estimation of ĥ�푅1�퐷 as an example, and the traditional Least
Square (LS) estimation of the second-hop channel is obtained
by

ĥ�푅1�퐷 = Φ†�퐿𝑅1𝐷 [t�푅1] y�푑 = h�푅1�퐷 +Φ†�퐿𝑅1𝐷 [t�푅1]
⋅ {Φ�퐿𝑆 [d] (�훽�푑1h�푅1 + �훽�푑2h�푅2) +Φ�퐿𝑅2𝐷 [t�푅2] h�푅2�퐷
+ n�푑�푍} .

(7)

The MSE of the LS estimator can be given by

MSEℎ𝑅1𝐷 = �퐸 {�儩�儩�儩�儩�儩ĥ�푅1�퐷 − h�푅1�퐷
�儩�儩�儩�儩�儩}

= tr (Φ†�퐿𝑅1𝐷 [t�푅1]C�푑Φ†�퐻�퐿𝑅1𝐷 [t�푅1])
= �휎2V𝑑 tr [(Φ�퐻�퐿𝑅1𝐷 [t�푅1]Φ�퐿𝑅1𝐷 [t�푅1])−1] .

(8)

For an �푁 × �푁 positive definite matrix M, we have
tr (M) tr (M−1) ≥ �푁2, where the equality holds if and only if
M = �휆I�푁 for some nonzero constant �휆. Using this and the fact
that the matrix (Φ�퐻�퐿𝑅1𝐷[t�푅1]Φ�퐿𝑅1𝐷[t�푅1])−1 is positive definite,
the optimal training for a fixed power �훾�푃�푟1 must satisfy the
following conditions:

C1: Φ�퐻�퐿𝑅𝑖𝐷 [t�푅𝑖]Φ�퐿𝑅𝑖𝐷 [t�푅𝑖] = �훾�푁�푃�푟𝑖I�퐿𝑅𝑖𝐷 (9)

and the Minimum Mean-Square Error (MSE) of the LS
estimation is given by

MSEℎ𝑅1𝐷 = �휎2V𝑏�퐿2�푅𝑖�퐷
tr (Φ�퐻�퐿𝑅1𝐷 [t�푅1]Φ�퐿𝑅1𝐷 [t�푅1]) = �퐿�푅1�퐷 [(�훽�푑1�휎2ℎ𝑅1 + �훽�푑2�휎2ℎ𝑅2 )�푃�푠 + �휎2ℎ𝑅2𝐷�훾�푃�푟2 + (�훽�푑1�휎2ℎ𝑅1𝐷 + �훽�푑2�휎2ℎ𝑅2𝐷 + 1) �휎2�푛]�푁�훾�푃�푟1 . (10)
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Figure 3: Sketch of the structure in the frequency domain for Scheme A.

The MSE of the second-hop channel in (10) consists of
three terms. The first term is related to the CDI, the second
term is related to the MAI, and the third term is related to
the equivalent noise, all of which have serious effects on the
estimate of the MSE.

(A) Cooperative Data Interference and Relay-PropagatedNoise
Cancellation. To eliminate the effects of the unknown CDI
and relay-propagated noise on the estimator of the second-
hop links, it is crucial to perform signal preprocessing at each
relay node. Because relay-assisted training is periodic and
its energy is concentrated only at the equispaced frequency
pins, we discard some cooperative data tones of the received
signal at each relay node so that the DFT at the specific
frequency pins is identically zero. In this way, we construct
an orthogonal structure between the cooperative data and the
relay-assisted training. In fact, the discarded cooperative data
tones include both the CDI and the relay-introduced noise
terms. At each relay node, we subtract the vector e = J�푅r�푑�푖
from the received signal r�푑�푖 , where J�푅 = F�퐻J̃�푅F. Here, we
define an �푁 × �푁 diagonal matrix in the frequency domain
J̃�푅 = diag {�퐽�푅(0), �퐽�푅(1), . . . , �퐽�푅(�푁 − 1)} with

�퐽�푅 (�푘) = {{{
1 �푘 ∈ K�푅10 �푘 ∉ K�푅1

. (11)

Assume that the indices of the nonzero pilot tones corre-
sponding to t�푅1 and t�푅2 belong to K�푅1 . The data signal at R�푖
can be refreshed as follows:

z�푑�푖 = �훽�푑�푖 (r�푑�푖 − e) + t�푅𝑖

= �훽�푑�푖 (I − J�푅)H�푆�푅𝑖d + �훽�푑�푖 (I − J�푅)n�푑�푆�푅𝑖 + t�푅𝑖

= �훽�푑�푖 (H�푆�푅𝑖d + n�푑�푆�푅𝑖) − �훽�푑�푖 J�푅 (H�푆�푅𝑖d + n�푑�푆�푅𝑖) + t�푅𝑖 .
(12)

(B) Multiaccess Interference Cancellation. With the aim of
minimizing the MSE of second-hop channel, the following
constrained conditionsC2 and C3 should be satisfied accord-
ing to (7):

C2: Φ
�퐻
�퐿𝑅1𝐷

[t�푅1]Φ�퐿𝑅2𝐷 [t�푅2] = 0,
C3: Φ

�퐻
�퐿𝑅2𝐷

[t�푅2]Φ�퐿𝑅1𝐷 [t�푅1] = 0
(13)

In Scheme A, a couple of relay training sequences (t�푅1 and
t�푅2)with their energy concentrated at different frequency pins
is designed. We assume that the indices of the nonzero pilot
tones corresponding to t�푅1 belong toK�푅1 , while the indices of
the nonzero pilot tones corresponding to t�푅2 belong to K�푅2 .
The conditionK�푅1 ∩ K�푅2 = ⌀ should be satisfied. With pilot
tones occupying the disjoint frequency tones, the problem of
MAI can be solved. However, it is necessary to perform signal
preprocessing at each relay node. As a result, to maintain
the orthogonality, it is indispensable that the frequency
components of the received signal corresponding to both
K�푅1 and K�푅2 should be removed to accommodate relay-
pilot tones as illustrated in Figure 3. Clearly, the distortion
of the received data would be doubled in Scheme A and the
detection performance will be seriously degraded.Therefore,
this is not an appropriate scheme to avoid MAI.

In Scheme B, a couple of relay training with autocorre-
lation and cross-correlation properties are designed. In the
ZCZ sequence group {�푡�푅1(�푘), �푡�푅2(�푘)}, �푃 denotes the period
of the ZCZ sequence, �푍 denotes the length of the zero-
correlation zone, and the condition�푍 ≥ max {�퐿�푅1�퐷−1, �퐿�푅2�퐷−1} is required, where �푁 = �푃�푄 and �푄 is an integer. The
autocorrelation and cross-correlation properties of the ZCZ
sequence are stated as follows:

�푅�푖,�푗 (�휏) = �푃−1∑
�푘=0

�푡�푅𝑖 (�푘) �푡�푅𝑗 (�푘 + �휏)

= {{{{{{{{{
�푃, if �휏 = 0, �푖 = �푗
0, if 0 < �휏 ≤ �푍, �푖 = �푗
0, if 0 ≤ �휏 ≤ �푍, �푖 ̸= �푗,

(14)

where �푖, �푗 = 1, 2. The relay training sequences can satisfy
the conditions C2 and C3 denoted in (13). Moreover, the
indices of the nonzero pilot tones corresponding to the ZCZ
sequence group including t�푅1 and t�푅2 both belong toK�푅1 . As a
result, only the frequency components corresponding toK�푅1
should be removed.This is the optimal scheme to avoidMAI.
The structure of the data block in the frequency domain is
illustrated in Figure 4.

At the DN, the decoupling of the two relay training
sequences is easily realized. In essence, the complicated two-
access channel estimation problem is decomposed into two
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Figure 4: Sketch of the structure in the frequency domain for Scheme B.

independent channel estimation problems. According to (5)
and (12), the received data signal at the DN can be refreshed
as follows:

y�푑 = Φ�퐿𝑅1𝐷 [t�푅1] h�푅1�퐷
+Φ�퐿𝑆 [(I − J�푅) d] (�훽�푑1h�푅1 + �훽�푑2h�푅2)
+Φ�퐿𝑅2𝐷 [t�푅2] h�푅2�퐷 + n�푑�푍,

(15)

where n�푑�푍 = �훽�푑1Φ�퐿𝑅1𝐷[(I − J�푅)n�푑�푆�푅1]h�푅1�퐷 + �훽�푑2Φ�퐿𝑅2𝐷[(I −
J�푅)n�푑�푆�푅2]h�푅2�퐷+n�푑�푅�퐷. It is noted that the partial cooperative data
vector [the second term in (15)] and the relay training vector
[the third term in (15)] occupy the disjoint frequency tones,
respectively. As a result, the cooperative data have no effect
on the estimation of the second-hop channel. According to
C1, the pseudo-inverse ofΦ�퐿𝑅1𝐷[t�푅1] can be denoted as

Φ
†
�퐿𝑅1𝐷

[t�푅1]
= (Φ�퐻�퐿𝑅1𝐷 [t�푅1]Φ�퐿𝑅1𝐷 [t�푅1])−1Φ�퐻�퐿𝑅1𝐷 [t�푅1]
= 1�훾�푁�푃�푟1Φ�퐻�퐿𝑅1𝐷 [t�푅1] .

(16)

In the LS estimation, according to C2 and C3, the
improved estimation of the second-hop channel is obtained
by

ĥ�푅1�퐷 = Φ†�퐿𝑅1𝐷 [t�푅1] y�푑 = h�푅1�퐷 + 1�훾�푁�푃�푟1Φ�퐻�퐿𝑅1𝐷 [t�푅1]
⋅ {Φ�퐿𝑆 [(I − J�푅) d] (�훽�푑1h�푅1 + �훽�푑2h�푅2)
+Φ�퐿𝑅2𝐷 [t�푅2] h�푅2�퐷 + n�푑�푍} = h�푅1�퐷 + 1�훾�푁�푃�푟1
⋅Φ�퐻�퐿𝑅1𝐷 [t�푅1]n�푑�푅�퐷.

(17)

According to (17), the relay-propagated noise introduced
from each relay node is removed thoroughly. As both the CDI

andMAI are removed, theminimumMSEof the improved LS
estimation is given by

MSEℎ𝑅1𝐷 = �퐿�푅1�퐷�휎2�푛�훾�푁�푃�푟1 . (18)

4. Diversity Combining and
Iterative Reconstruction

With the purpose of signal retrieving and obtaining diversity,
individual channel (S−R1 andS−R2) estimation is required
in diamond relay networks. With the estimated second-hop
channels ĥ�푅1�퐷 and ĥ�푅2�퐷, we employ the LS channel estimation
in [12] to obtain estimated channels ĥ�푆�푅1 and ĥ�푆�푅2 . After
removing the contribution of the relay training sequences
from y�푑 by simply computing y�푑�푟�푒 = (I − J�푅)y�푑, the DFT of
y�푑re can be written as

ỹ�푑re = (�훽�푑1 H̃�푅1�퐷H̃�푆�푅1 + �훽�푑1 H̃�푅2�퐷H̃�푆�푅2) (I − J̃�푅) d̃
+ (I − J̃�푅) ñ�푑�푍. (19)

The equalized signal is given by

ũ = Σ�퐻�푆 R−1y ỹre, (20)

where Σ�푆 = �훽�푑1 ̂̃H�푆�푅1 ̂̃H�푅1�퐷 + �훽�푑2 ̂̃H�푆�푅2 ̂̃H�푅2�퐷, Ry = Σ�푆Σ�퐻�푆 +
[(�훽�푑1 )2 ̂̃H�푅1�퐷̂̃H�퐻�푅1�퐷 + (�훽�푑2 )2 ̂̃H�푅2�퐷̂̃H�퐻�푅2�퐷 + I]S�휎2�푛 in the case of

Minimum Mean-Square Error (MMSE) equalization, ̂̃H�푆�푅𝑖 ,̂̃H�푅𝑖�퐷 are the DFT of the estimated channels ĥ�푆�푅𝑖 and ĥ�푅1�퐷,
ñ�푑�푍 is the DFT of equivalent noise n�푑�푍, and S�휎2�푛 = (1 −1/�푄)(�훽�푑1�휎2ℎ𝑅1𝐷 + �훽�푑2�휎2ℎ𝑅2𝐷 + 1)�휎2�푛 . Because the data distortion
is singular, d cannot be recovered linearly. As a result, we
employ the symbol-to-symbol iterative detection scheme.
The initial hard detector of d is given by

d̂(0) = ⌊F�퐻ũ⌋ , (21)

where ⌊⋅⌋ stands for the decision function. For subsequent
iterations, the detected symbols are utilized to compute J�푅d̂
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Table 1: Binary ZCZ sequence group (0 for −1).
(�푃, �푍) Relay training ZCZ sequences

(32, 4) t�푅1 {1 1 0 1 1 1 0 1 0 0 0 1 0 0 0 1 0 0 1 0 1 1 0 1 1 1 1 0 0 0 0 1}
t�푅2 {0 0 1 0 1 1 0 1 1 1 1 0 0 0 0 1 1 1 0 1 1 1 0 1 0 0 0 1 0 0 0 1}

Table 2: Various system parameters for different choices.

Frame�푁�푓 Training �푁�푐 Data�푁�푏 �훼 = �푁�푐/�푁�푓 BER at
20 dB

Case 1 496 48 448 0.1 0.003768
Case 2 640 64 576 0.1 0.00329

and compensate for the data loss.The detected symbols at the
next iteration are given by

d̂(�푖) = ⌊F�퐻ũ + J�푅d̂
(�푖−1)⌋ . (22)

5. Simulation Results

In this section, we present the simulation results to eval-
uate performance of both the proposed scheme (denoted
as “proposed” in figures) and the pilot-based scheme in
[15] (denoted as “pilot-based scheme” in figures) in terms
of bit error rate (BER) and normalized MSE of channel
estimation. The channel is randomly generated and assumed
to be uncorrelated Rayleigh fading with a length of �퐿�푆�푅1 =�퐿�푆�푅2 = �퐿�푅1�퐷 = �퐿�푅2�퐷 = 4. For ease of description,
the block lengths are the same in this context. However,
different lengths can be used based on the requirements. The
equispaced and equipowered pilots are selected. The data
symbols are extracted from the quadrature phase-shift keying
constellation.The relay training is designed using�푃 = 32,�푍 =4 and the relay training sequences are set as shown in Table 1
according to [20, 21]. SNR of each link are assumed that
SNR = �푃�푆/�휎2�푛 = �푃�푅1/�휎2�푛 = �푃�푅2/�휎2�푛 , where �푃�푆 = �푃�푅1 = �푃�푅2 = 1.
In the simulation, we employ various system parameters of
frame (Case 1 and Case 2), respectively, as shown in Table 2.

To obtain the optimal design for the relay training
sequences, we display the bit error rate (BER) performance
versus �훾 for the proposed scheme under different signal-to-
noise ratio (SNR) conditions in Figure 5. Clearly, the BER
performance improves when �훾 increases.This occurs because
more power is allocated to the superimposed relay training,
while less power is allocated to the data sequence. It is evident
that the optimal �훾 remains at the minimum value when the
SNR is 10, 15, and 20, respectively. As a result, we adopt �훾 = 0.1
as the approximately optimal value.

Figure 6 shows the MSE performance of channel esti-
mation with different schemes for Case 1. The estimation
performance of theS−R�푖 link is worse than that of theR�푖−D
link because the former link is affected by both the propagated
noise introduced from the relay nodes and the estimation
error of the second-hop link. Moreover, the performance
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= 15Case 1 ３．２

Case 1 ３．２
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Figure 5: BER versus �훾 for different SNR conditions.
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Figure 6: MSE performance with different schemes for Case 1.



International Journal of Digital Multimedia Broadcasting 7

Scheme A proposed
Scheme B iter 0 proposed
Scheme B Iter 1 proposed
Scheme B Iter 2 proposed

Pilot-based scheme 
Perfect CSI with
distortion
Perfect CSI without
distortion

5 10 15 20 250
SNR (dB)

10−5

10−4

10−3

10−2

10−1

100

BE
R

Case 1  = 0.1

Figure 7: BER performance with different schemes for Case 1.

of the proposed scheme is superior to that of the pilot-
based scheme described in [17].The pilot-based scheme aims
to superimpose the relay-assisted training onto the source
training signal with a special orthogonal constraint. With
the same average power and different block length, the total
energy of the relay-assisted training in the scheme [17] is
reduced compared to the proposed scheme. Moreover, the
relay-propagated noise has a serious impact on the estimation
of theR�푖−D link in the scheme [17]. As a result, the proposed
estimation scheme is superior to the scheme [17].

Figure 7 shows the BER performance with different
schemes for Case 1. In the proposed Scheme B, the per-
formance improvement via the first iteration is distinct but
negligible with additional iterations. It can be observed that
the BER performance of the Scheme B is much better than
that of Scheme A and for the scheme described in [17]. It is
noted that a double distortion is induced in Scheme A and
the inferior channel estimation of the pilot-based scheme
clearly results in a degradation in BER. It can be predicted
that a symbol error floor will occur in both Scheme A and
the scheme described in [17] with an increasing SNR. After
two iterations, the detection performance in Scheme B can
approach that with perfect CSI, which means the channel
estimation satisfies the need of the cooperative system. The
performance reduction caused by the distortion can be
judged in terms of the BER loss in the figure.

Figures 8 and 9 show the MSE performance and BER
performance with different schemes for Case 2. We obviously
observe that the estimation performance is almost the same
for Case 1 and Case 2. Moreover, the BER performance for
the pilot-based scheme would remain the same with various
system parameters of frame. However, with the length of data

SR proposed
RD proposed

SR pilot-based scheme
RD pilot-based scheme

Case 2  = 0.1

10−5

10−4

10−3

10−2

10−1

100

M
SE

5 10 15 20 250
SNR (dB)

Figure 8: MSE performance with different schemes for Case 2.
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Figure 9: BER performance with different schemes for Case 2.
block (�푁�푏) increasing, the BER performance in the proposed
scheme get a certain improvement. It is because that the
distortion on every symbol is reduced with �푁�푏 increasing,
when the fixed distortion is scattered throughout the data
block. As a result, when we employ the system parameter of
larger frames, the proposed scheme is more competitive.

6. Conclusions

In the AF-based diamond relay network, a novel relay-
assisted training strategy is proposed to acquire the individual
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CSI. In our strategy, each relay node superimposes its own
special training sequence over the amplified received data,
which can be used to acquire the second-hopCSI. To solve the
interference problems of unknown cooperative data, we dis-
carded some cooperative data at each relay to accommodate
the relay-pilot tones. Meanwhile, we derive a couple of relay
training with autocorrelation and cross-correlation proper-
ties to decouple the combined relay training sequences. The
simulations show that the channel estimation performance
of the proposed scheme is superior to that of the pilot-
based scheme described in [17]. Moreover, the detecting
performance improvement via the iteration reconstruction is
distinct.
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multirelay channel: capacity and optimal power allocation,”
IEEE Transactions on Information Theory, vol. 50, no. 12, pp.
3037–3046, 2004.

[7] S. Zhang, F. Gao, C. Pei, and X. He, “Segment training based
individual channel estimation in one-way relay network with
power allocation,” IEEE Transactions on Wireless Communica-
tions, vol. 12, no. 3, pp. 1300–1309, 2013.

[8] G. Yuan, M. Peng, and W. Wang, “Opportunistic user coop-
erative relaying in TDMA-based wireless networks,” Wireless
Communications and Mobile Computing, vol. 10, no. 7, pp. 972–
985, 2010.

[9] A. Bletsas, H. Shin, and M. Z. Win, “Cooperative commu-
nications with outage-optimal opportunistic relaying,” IEEE
Transactions on Wireless Communications, vol. 6, no. 9, pp.
3450–3460, 2007.

[10] Y. Jing and H. Jafarkhani, “Single and multiple relay selection
schemes and their achievable diversity orders,” IEEE Transac-
tions on Wireless Communications, vol. 8, no. 3, pp. 1414–1423,
2009.

[11] M. Elfituri, A. Ghrayeb, and W. Hamouda, “Antenna/relay
selection for coded cooperative networks with AF relaying,”
IEEE Transactions on Communications, vol. 57, no. 9, pp. 2580–
2584, 2009.

[12] M. Lei, M. Zhao, J. Zhong, and Z. Zhang, “Channel estima-
tion based on cyclic orthogonal training sequence for relay-
assisted cooperative communication system,” in Proceedings
of the International Conference on Computer, Information and
Telecommunication Systems (CITS ’12), Amman, Jordan, May
2012.

[13] J. Ma, P. Orlik, J. Zhang, and G. Y. Li, “Pilot matrix design
for estimating cascaded channels in two-hop MIMO amplify-
and-forward relay systems,” IEEE Transactions on Wireless
Communications, vol. 10, no. 6, pp. 1956–1965, 2011.

[14] O.Munoz-Medina, J. Vidal, and A. Agustin, “Linear transceiver
design in nonregenerative relays with channel state informa-
tion,” IEEE Transactions on Signal Processing, vol. 55, no. 6, part
1, pp. 2593–2604, 2007.

[15] D. Qin, Z. Ding, and S. Dasgupta, “On forward channel
estimation for MIMO precoding in cooperative relay wireless
transmission systems,” IEEE Transactions on Signal Processing,
vol. 62, no. 5, pp. 1265–1278, 2014.

[16] H. Xi and A. L. F. de Almeida, “Multiuser receiver for joint sym-
bol/channel estimation in dual-hop relaying systems,” Wireless
Personal Communications, vol. 83, no. 1, pp. 17–33, 2015.

[17] B. Zahedi, M. Ahmadian, K. Mohamed-Pour, M. Peyghami,
M. Norouzi, and S. Salari, “Pilot-based individual forward and
backward channel estimation in amplify-and-forward OFDM
relay networks,” in Proceedings of the IFIP Wireless Days (WD
’11), Niagara Falls, Canada, October 2011.

[18] F. Gao, B. Jiang, X. Gao, and X. Zhang, “Superimposed training
based channel estimation for OFDM modulated amplify-and-
forward relay networks,” IEEE Transactions on Communica-
tions, vol. 59, no. 7, pp. 2029–2039, 2011.

[19] R. Simoni, V. Jamali, N. Zlatanov, R. Schober, L. Pierucci,
and R. Fantacci, “Buffer-Aided Diamond Relay Network With
Block Fading and Inter-Relay Interference,” IEEE Transactions
onWireless Communications, vol. 15, no. 11, pp. 7357–7372, 2016.

[20] W. N. Yuan, P. Wang, and Z. P. Fan, “Enhanced performance
for MIMO channel estimation based on implicit ZCZ training
sequences,” ACTA Electronica Sinica, vol. 38, no. 1, pp. 74–78,
2010.

[21] P. Z. Fan, N. Suehiro, N. Kuroyanagi, and X.M.Deng, “A class of
binary sequences with zero correlation zone,” IEEE Electronics
Letters, vol. 35, no. 10, pp. 777–779, 1999.



Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal of

Volume 201

Submit your manuscripts at
https://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 201

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


