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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 MAIL 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 [I12] 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 of multirelay 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 the modification matrix demands an
additional spending and a protocol to coordinate the relay-
pilot sequence and modification matrix with the special form
of orthogonality, which adds additional complexity to power
allocation and joint optimization.

A typical example is the AF-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
the MAT and minimize the MSE when estimating the second-
hop (R, —D, R, —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 H, T, and T denote the complex con-
jugate transpose, transpose, and pseudo-inverse, respectively.
The N x N identity matrix is denoted by I. The Discrete
Fourier Transform (DFT) of the N x 1 vector x is denoted
by X = Fyyx, where Fy; has (m, n) entry 1/\/Ne #2mmniN

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 R;, R, as shown in
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FIGURE I: Diagram for cooperative diversity with two relay nodes.

FIGURE 2: Structure of one frame with relay-assisted training.

Figure 1. The individual channel impulse response links are
defined as hgy = [hgg (0), hgg (1), ..., hgp (Lgg — D%, hpp=
[hg p(0), g p(1)s ... g p(Lrp — D17, i = 1, 2. Individual
channel taps are independent and Rayleigh-distributed as
hp (1) ~ %/V(o,og&,,), he () ~ %m(o,aﬁim). 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 t8 = [£500),£5(1), ..., t5(N = 1)]T and the data
block d = [d(0),d(1),...,d(N - 1)]T, where N denotes the
block length. To avoid interblock interference at both relay
nodesand the DN,a CP ofalength L, > max {Lgg —1, Lgg, -
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 E[(t5)"t%] = E[d"d] = NP,.

At the second time slot, R, and R, amplify the received
signal and forward the signal to D with average power of
E [(zf)Hzf] =E [(z;j)Hz;j] = NP, respectively. In our strategy,
relay-assisted training is superimposed onto the top of the
amplified data vector as illustrated in Figure 2. Due to MAL 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, = BiAr; = B; AiHSR,-tS +B; Ain;,-’
€))

d dd R _ od R | pd.d
z; = fBr; +t —ﬁiHSRid+t’+ﬁinRi,
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where Hgp isan NxN circulant matrix, with the first columns
[(hSRi)T,OIX(N,LSRi)]T, and n;i, n}i are circular complex
white Gaussian noise with zero mean and covariance matrix
cov(nk,) = cov(ndy) = oI, yP, that is allocated to the
relay training, that is, E[(t*)HR] = YyNP,, and (1 -
y)P, is allocated to the amplified received data, where
0 < y < 1. The modification diagonal matrix A; =
diag {A;(0), A;(1),...,A;(N — 1)} is set, where A;(k) =
/M DEDIN and the amplified factors are given by

P,
t Ti
Bi = 2

2 >
Psahsx,. +o;

(1 - y) prx
Po, + o2’
Lgg;—1

= Zi=o
be expressed by

where o o7 ;. The received signal at the DN can
T, [

2
y = ZHRiDﬁ;Airg + ntD
i=1 (3)

¢ S . ot S .t
= BiHg, pAHgp t + BHp pAHp € + 1y,

Y = ZHR Dﬁ + nD
(4)
d d R R, , d
= (ﬁlHRl + .BzHRZ) d+Hg pt + Hp pt™ + 0y,
where Hp p is an N X N circulant matrix, with the first
columns [(hg, IS olx(N—LRiD)]T’ nj,, ndD are circular complex
white Gaussian noise, Hy = Hgg Hp p, with Ly = Lgg +
L&D I,Lg = max{LR ,Lg,}. And n, = Ziz:l ,BfA,-n%i +nj,
Z; 1 ﬁ nR +nD, nR R nfz are also circular complex white
Gaussmn 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:

yd = q)LRlD [tRl] thD
©)

+ @, [d] (Bihy, + Bihy,) + @, [t] by + 0,

Va

212 d_2
9, Lrp LRID[( 100y,

2
+Blop, )P+, VP,

where @, [x] is an N x L column-wise circulant matrix with
the first column x. It is noted that v, includes the equivalent
noise n‘é that is related to the specific realization of hy p,, the
extra CDI term CI)LS[d] ([5"11hR1 + [3§th), and the MAI term
@, [tRz]hR2 p- Assuming that the received data, training

sequence, and noise in (5) are mutually independent, the
covariance matrices of v; can be written, respectively, as

C,=E (vdvf) = [( foﬁRl

+(Blop,  + Blon,  +

d 2 2
+ By om,, ) P+ oy, VB,
(6)
) ] IN GvbIN’

Lg,p-1 Lsg;+*Lr,p=2 2

hRD P hR = Yoo Ty, with

2l
Ty = Yizo ahSR Jj hR . Wlthout loss of generality, we take

where aﬁ = Qi

the estimation of h R, p as an example, and the traditional Least
Square (LS) estimation of the second-hop channel is obtained

by
hep=®@;  [t°]y =hgp+@] [tY]
. {(DLS [d

d
ond].

The MSE of the LS estimator can be given by

] (ﬁthl + ﬁthz) + (DLR2D [tRZ] hpp  (7)

MSEthD =E {"HRlD - thD"}

=w (o] []co []) ®)

= Gidtr [(q)f}le [tRl] (DLRlD [tR1]>_1:| :

For an N x N positive definite matrix M, we have
tr (M) tr (M™') > N2, where the equality holds if and only if
M = Al for some nonzero constant A. Using this and the fact
that the matrix ((I)leD[tRl](I)LRlD[tRI])_I is positive definite,
the optimal training for a fixed power yP, must satisfy the
following conditions:

Cl: <1>fRiD (] @, [t =yNPI, 9)

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

d 2 d 2 2
+( 10hep + 2(thzD+1)0n]

" (0 [t]ey, | [tR])

NyP, (10)

L8]
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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-Propagated Noise
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 = ]er

from the received signal r?, where J; = FJF. Here, we
define an N x N diagonal matrix in the frequency domain

T = diag {J(0), Tx(1), ..., Jo(N - 1)} with

~ 1 kex®
Jr (k) = iy (1)
0 k¢X|

Assume that the indices of the nonzero pilot tones corre-
sponding to t*! and t** belong to #¥. The data signal at R,
can be refreshed as follows:

zfl = [3;1 (r? - e) + R
=B (1-1z) Hgp d + B (I-Tg) Il[SiRI, + 8 (12)
= ﬂ? (HSR;d + “gR,.) - ﬁ?]R (HSR,.d + né’R,_) + 5

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

C 0[] @y, [¢*] =0,
(13)
C3: ¢§‘_IRzD tRz] (DLRlD [tRl] = O

In Scheme A, a couple of relay training sequences (t° and
t"2) with their energy concentrated at different frequency pins
is designed. We assume that the indices of the nonzero pilot
tones corresponding to t° belong to %X, while the indices of
the nonzero pilot tones corresponding to t* belong to F5.
The condition #X N #X = @ 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
IR and HX 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 MAL

In Scheme B, a couple of relay training with autocorre-
lation and cross-correlation properties are designed. In the
ZCZ sequence group {t% (k),t*2(k)}, P denotes the period
of the ZCZ sequence, Z denotes the length of the zero-
correlation zone, and the condition Z > max {Ly p—1,Lg p—
1} is required, where N = PQ and Q is an integer. The
autocorrelation and cross-correlation properties of the ZCZ
sequence are stated as follows:

P-1
Ry (1) = Y 5 (k)Y (k + 1)
k=0

P ifr=0i=j (14)
=40,if0<7<Zi=]
0, if0<7T<Z,i#}j,

where i, j = 1,2. The relay training sequences can satisfy
the conditions C, and C; denoted in (13). Moreover, the
indices of the nonzero pilot tones corresponding to the ZCZ
sequence group including t** and t* both belong to #X. Asa
result, only the frequency components corresponding to % }f
should be removed. This is the optimal scheme to avoid MAIL.
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:

d R
y = (DLR1D [t l] thD
d d
+@p [(T-7r)d] (/51 th + ﬁthz) (15)
R —d
+ (I>LRZD [t 2] hRZD +1y,
—d d d d
where n;, = f5 <I)LR1D[(I - ]R)nSRl]hRID + B @LRZD[(I —
]R)ngR2 Jhg, D+n}dw. Itis 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
Cl, the pseudo-inverse of o [t%1] can be denoted as
1

o, [

Lg,p

= (@[], [C]) @[] g

1
- W—R(DIZI&D [tRl] '

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

B = 0, [C]y = b+ 0] (1]

A0 (-7 d) (B, + By,
)
1

yNP,

r

R —d
+ <I>LRZD [t 2] hR2D +nz} = hRID +

. (I)leD [tRl] niD.

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

and M AT are removed, the minimum MSE of the improved LS
estimation is given by

Ly po?

SEh = —RID 1 .

RiD yNP,

n

(18)

4. Diversity Combining and
Iterative Reconstruction

With the purpose of signal retrieving and obtaining diversity,
individual channel (S-R, and S—R,) estimation is required
in diamond relay networks. With the estimated second-hop

channels h r,pand h Rr,p> We employ the LS channel estimation
in [12] to obtain estimated channels ESRl and BSRZ. After
removing the contribution of the relay training sequences
from yd by simply computing yfe =(I- ]R)yd, the DFT of
yfe can be written as

?[rie = (ﬁfﬁRlDﬁSRl + ﬁfﬁRzDﬁSRz) (I - TR) d

(19)
+(1-Tg) 0%
The equalized signal is given by
i=2R 'y, (20)

d: = d: =
where 2 = ByHg Hp p + ByHge Hg p, Ry = ZeEg +
= =H = =H
[(ﬁ‘f)zHRIDHRID + (ﬁj)ZHRZDHRZD + I](fi in the case of
Minimum Mean-Square Error (MMSE) equalization, IA-iSRX_,

ﬁR,- p are the DFT of the estimated channels HSRi and HRI D
ﬁ% is the DFT of equivalent noise n‘é, and 6> = (1 -
d_2 d_2 2 . .
1/Q)(B] cthlD + 35 athD + 1)o;,. 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
d? = |, (1)

where |-] stands for the decision function. For subsequent
iterations, the detected symbols are utilized to compute J,d



6 International Journal of Digital Multimedia Broadcasting
TABLE 1: Binary ZCZ sequence group (0 for —1).
(P, Z) Relay training ZCZ sequences
(32,4) th 11011101000100010010110111100001}
' th {00101101111000011101110100010001}
TABLE 2: Various system parameters for different choices. 100 QPSKL =4
Frame N, Training N, DataN, a=N,/N, iﬁ%;t
Case 1 496 48 448 0.1 0.003768
Case2 640 64 576 0.1 0.00329

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

d¥ = |[F"a+7,d""]. (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 Lgz =
Ler, = Lgp Lgp = 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 P = 32, Z =
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 = P/0, = Py [0, = Py [o,, where Pg = Py = Pp = 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 y for the proposed scheme under different signal-to-
noise ratio (SNR) conditions in Figure 5. Clearly, the BER
performance improves when y 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 y remains at the minimum value when the
SNRis 10,15, and 20, respectively. As a result, we adopt y = 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 the S— R, link is worse than that of the R, —-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

BER

107 : * * - : - -
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Power ratio

)+ Case 1 SNR = 10
(- Case1SNR = 15
[J- Case 1 SNR = 20

(>~ Case 2 SNR = 10
O~ Case2SNR = 15
-[1- Case 2 SNR = 20

FIGURE 5: BER versus y for different SNR conditions.

Casely =0.1

10°

MSE

0 5 10 15 20 25
SNR (dB)

-+ SR proposed
-O- RD proposed

<> SR pilot-based scheme
> RD pilot-based scheme

FIGURE 6: MSE performance with different schemes for Case 1.
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Casely=0.1
B B T E

BER

0 5 10 15 20 25
SNR (dB)

~(~ Scheme A proposed -O- Pilot-based scheme
-0 Scheme B iter 0 proposed —x— Perfect CSI with
-0O- Scheme B Iter 1 proposed distortion

- Scheme B Iter 2 proposed —— Perfect CSI without
distortion

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 the R; — 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

MSE

0 5 10 15 20 25
SNR (dB)

- SR proposed {>- SR pilot-based scheme
-O- RD proposed > RD pilot-based scheme

FIGURE 8: MSE performance with different schemes for Case 2.

BER

10°°

0 5 10 15 20 25
SNR (dB)

~)~ Scheme A proposed -O- Pilot-based scheme

-0 Scheme B Iter 0 proposed —<— Perfect CSI with distortion
-O- Scheme B Iter 1 proposed —— Perfect CSI without

-1~ Scheme B Iter 2 proposed distortion

FIGURE 9: BER performance with different schemes for Case 2.

block (Np) increasing, the BER performance in the proposed
scheme get a certain improvement. It is because that the
distortion on every symbol is reduced with N, 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



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-hop CSI. 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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