KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 9, NO. 12, Dec. 2015 4967
Copyright (©2015 KSlII

Tensor-Based Channel Estimation
Approach for One-Way Multi-Hop Relaying
Communications

Shuangzhi Li*, Xiaomin Mu?, Xin Guo', Jing Yang"?®, and Jiankang Zhang™?
!School of Information Engineering, Zhengzhou University, Zhengzhou, China
[e-mail :ieszli@gs.zzu.edu.cn, iexmmu@zzu.edu.cn, guoxin19880806@163.com,
yangjing@haut.edu.cn, iejkzhang@zzu.edu.cn]
2 National Mobile Communications Research Laboratory, Southeast University, Nanjing, China
3College of Information Science and Engineering, Henan University of Technology, Zhengzhou, China
*Corresponding author: Jiankang Zhang

Received August 3, 2015; revised September 16, 2015; accepted October 7, 2015;
published December 31, 2015

Abstract

Multi-hop relaying communications have great potentials in improving transmission
performance by deploying relay nodes. The benefit is critically dependent on the accuracy of
the channel state information (CSI) of all the transmitting links. However, the CSI has to be
estimated. In this paper, we investigate the channel estimation problem in one-way multi-hop
MIMO amplify-and-forward (AF) relay system, where both the two-hop and three-hop
communication link exist. Traditional point-to-point MIMO channel estimation methods will
result in error propagation in estimating relay links, and separately tackling the channel
estimation issue of each link will lose the gain as part of channel matrices involved in multiple
communication links. In order to exploit all the available gains, we develop a novel channel
estimation model by structuring different communication links using the PARAFAC and
PARATUCK2 tensor analysis. Furthermore, a two-stage fitting algorithm is derived to
estimate all the channel matrices involved in the communication process. In particular,
essential uniqueness is further discussed. Simulation results demonstrate the advantage and
effectiveness of the proposed channel estimator.
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1. Introduction

Multi-hop relaying communications have gained a lot of attention recently because of both

its theoretical and practical importance in cooperative communication system [1]. As a
fundamental technique to enable device-to-device communication, multi-hop relaying system
is expected to realize high spectrum efficiency for next generation communication systems
e.g.,, 5G wirelss systems [2, 3]. Combined with the multiple-input and multiple-output
(MIMO) techniques, the spectral efficiency of this promising technique can be further
improved.

Referring to the strategies performed by the relay, relaying communications can be
classified into various categories: amplify-and-forward (AF) relaying, decode-and-forward
(DF) relaying, compressed-and-forward (CF) relaying and so on. In this work, we consider a
multi-hop AF relaying system due to its simplicity and small system delay without additional
decoding steps existed in DF relay system.

As its special cases, extensive methods have been proposed to analyze the performance of
dual-hop MIMO AF relay system, including the optimal source and relay beamforming matrix
[4, 5], optimal relay amplification matrix [6], energy efficient [7] on the assumption that the
perfect channel statement information (CSI) of all links have been acquired at the destination
node. However, in practical communication system, the CSI has to be estimated by using
different channel estimation methods. In [8, 9], an optimal transceiver design for multi-hop AF
MIMO system under imperfect channel knowledge is studied, and it reveals that the
achievable gain depends largely on the estimation accuracy of channel links in multi-hop
system. And in [10], the impact of channel estimation error on outage loss of the multiple
antennas multiple relaying network is investigated, which indicates that the effect of the
channel estimation error has a great influence on the system, especially at low-to-medium
SNR. Unlike traditional point-to-point MIMO systems, the destination node in cooperative
system has to estimate the CSI of all hops due to the limited computation ability in AF relays.

In [11], least square (LS) based algorithm is proposed to estimate channel matrices of all
links of one-way two-hop MIMO AF cooperative communication system. However, the
channel estimation errors accumulate across the consecutive stages. For AF relay networks
with single-antenna source, relay, and destination nodes, a modified transmitting frame is
proposed in [12] for OFDM modulated relay system, which enables the relay node to have the
ability of saving the pilot data as an ample to estimate the channel between the relay to the
destination node, which in turn serves as known information to estimate the source-to-relay
channel in a decision-directed (DD) way. However, this known channel information in this
proposed DD algorithm is also the error-existing channel estimation value. A disintegrated
channel estimation method has been presented in [13], which implies that the relay node has to
be equipped with a channel estimator. However, it is not realistic for a low complexity
non-regenerative relay node.

Exploiting the estimation of relay to the destination node and/or relay to relay node is
available, the channel estimation issue in cooperative system can be transformed to the
traditional MIMO channel estimation problems. However, the inherent estimation error in the
estimation of channel matrices will propagate when estimating the following links, which will
finally deteriorate the whole performance. By taking advantage of their unique characteristics
in digging the hidden structure in mixed samples, a few tensor-based channel estimation
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algorithms have shown to be efficient approaches for channel estimation and/or symbol
detection in cooperative systems.

In [14, 15], a channel estimation algorithm with the aid of parallel factor (PARAFAC)
model is investigated in one-way two-hop MIMO relay system, which allows the estimation of
related channel matrices to be computed in a parallel way by resorting to tensor modeling. In
addition, a unified PARAFAC received signal model for cooperative MIMO system is built
based on which a blind receiver is proposed for jointly estimating the channel matrices and
detecting the symbols [16]. Note that the works in [16] is on the condition that the same cluster
has the same spatial signature, which is strict for the communication environment. The authors
in [17] investigate the channel estimation algorithm for a two-way MIMO relay system. Since
the algorithm in [17] exploits the channel reciprocity in a two-way relay system, its application
in one-way MIMO relay systems is not straightforward. By introducing a space-time matrix at
the source node, a PARAFAC-PARATUCK2 [18] tensor model is built for two-hop
cooperative MIMO relay systems in [19].

The common feature of the aforementioned works focus on the two-hop cooperative system,
it may not be adapted to scenario that more relays are employed to further increase the
coverage of communication. In [20], the author proposes a trilinear coding structure of the
MIMO AF system, which is capable of exploiting cooperative diversity by tensor-based signal
processing. In [21], the author establishes a PARATUCK2-based framework for three-hop
cooperative communication system. However, only considering the link of one-way three-hop
link will lose diversity gain in real communication scenario. In this paper, a more general
tensor-based channel estimator of this system is considered, which provides the destination
node with full knowledge of all channel matrices involved in the system. The main
contributions of this paper can be summarized as follows:

- A more general one-way multi-hop MIMO AF relay system is considered in this paper,
where the path loss factor is taken into account in this paper to analyze the achievable
diversity gain of additional one-way two-hop links existing in the one-way three-hop link
system.

- By resorting to the multi-way analysis tool, a unified tensor model is established and a
combined PARAFAC/PARATUCK?2 alternative least square (ALS) fitting algorithm is
proposed to obtain the CSI of all involved links.

- With the initial estimation of channel matrices, a linear minimum mean square error
(LMMSE) approach is further derived to enhance the channel estimator performance.

The rest of this paper is organized as follows. In Section 2, we give a brief overview of the
system model. The detailed proposed channel estimation algorithm is presented in Section 3.
In Section 4, simulation results are given to verify the effectiveness of the proposed algorithm.
Conclusions are given in Section 5.

Notations and Properties: Scalars, column vectors, matrices, and tensors are denoted by
lower-case (a,b,...) , boldface lower-case (a,b,..) , boldface capital (A,B,..) , and
calligraphic (4,8...) letters, respectively. 4., e C'’ is the so-called front slice obtained by
fixing the third dimension of a third-order tensor 4eC" . A", A", A", A", A, and
A, represent matrix transposition, Hermitian transposition, matrix inverse, the
Moore-Penrose pseudo inverse, the I -th row and the m-th column of A eC"" , respectively.
The operator vec(-) forms a vector by stacking the columns of its matrix argument, while the

unvec(-) operator is the inverse process of vec(-) to reshape a vector into a matrix. The operator
diag() forms a diagonal matrix from its vector argument, and bd[A,,...,A.] forms a
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block-diagonal matrix with K matrix blocks. tr(A) and |A|_ is the trace and the Frobenius
norm of A, and D,(A) = diag(vec(Ai_)) corresponds to the diagonal matrix with the ith row

of A forming its diagonal. The Kronecker and the Khatri-Rao (column-wise Kronecker)
matrix products are denoted by ® and ¢, respectively. For A=[A,,...,A,]eC"" and

B=[B,,....B,]e C"*, we have

AOB=[A,®B,,...,A, ®B,] 1)

We also use two following properties in this work:
vec{ABC} = (C" ® A)vec{B} (2
vec{AD, (B)C"} = (COA)B (3)

2. System Model

We consider the one-way multi-hop MIMO AF relay system as illustrated in Fig. 1 where the
direct link between the source node and the destination node is assumed to be negligible and
hence ignored due to a large path loss, and the source node transmits information to the
destination node with the aid of T MIMO AF relays, which should be chosen according to
practical communication scenario, such as the path loss factor, the size of the cellular, etc..
Moreover, the relays operate in a half-duplex mode (i.e., each relay node does not receive and
transmit signals simultaneously).

1st phase 2ed phase 3rd phase 4th phase

oy

Fig. 1. One-way multi-hop MIMO AF relay system

We denote that the source node and the destination node are equipped with N, >2 and N, >2
antennas, respectively, while the i -th relay has N, antennas, i=12,---,T .

In the following, for simplicity, we mainly consider the one-way three-hop MIMO AF relay
system to present our algorithm, i.e. T = 2. But the generalization to the multi-hop MIMO relay
system is just in a similar way. For example, we can firstly regard the cascade channel from the
first relay node to the T -th relay node as a whole effective channel model
H, =H.G,H,  --G; H,_ _, which can be modeled as various tensor model according to

physical circumstance, like the methodology of using nested tensor model in [22, 23]. Through
the proposed algorithm, H, _ can be estimated in the first place; then, by means of

L]

corresponding fitting methods, the channel statement information contained in H_ can be
further extracted.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 9, NO. 12, December 2015 4971

Firstly, in order to derive the proposed channel estimators, we recast the formulation of the

system model by resorting to tensor analysis. Let us define the overall training period as K
time blocks, during which we assume the channels of all hops are quasi-static and each frame
consists four phases. In k-th time block, the source node S transmits an orthogonal channel

training sequences S, e C™* (L,>N,) with S;S¢' =1 to the first relay node R, and the
second relay node R, in the first phase. Then the received signal at the second relay node will
be amplified with amplification matrix G and forwarded to the destination node D in the
second phase and R, keeps silent. In the third phase, R, will amplify its received signal with
amplification matrix G® and transmit it to both R, and D . During the fourth phase, R, will
transmit the data received in the previous phase to D with amplification matrix G{° once
again.

To sum up, there are five channel matrices in total to be estimated in the proposed system.
Let us define the channel from source to R and R, as H, eC™™ and H, eC"™™ ,

respectively. From R to R, and D are defined as H,, eC"*™ and H_, eC"", and from
R, to D is defined as H,, eC"". We assume that H, , H, , H ,, H, and H,, have

complex Gaussian entries with zero means and variances of 1/N_, 1/N,, 1/N,, 1/(°N,) and
1/(n,°N,) , respectively. The variances are set to normalize the effect of the number of transmit

antennas to the received signal-to-noise (SNR) ratio [14]. And the S-R; link, R;-R; link and R,-D
link are assumed to have equal distance, i.e. d, =d,, =d,, =d,. Assuming R and R, lie

between the source node and the destination node, and R, is closerto S than R,, while R, is
closer to D, and the distance of S-R, link and the R;-D link are denoted by dg, and d,

respectively. Then the normalized parameters 7, =dg, /d, and 5, =d, /d, satisfy 1<z, <2
and 1<z, <2. With a path loss factor of 3, the above channel matrices can be constructed.

Thus the received signal at the destination node in phase 2 (i.e. S-R,-D link), 3 (i.e. S-Ry-D
link) and 4 (i.e. S-R;-R,-D link) of k -th time block can be given by:

Yy, (t+1) =H, ,GH, S, +H, ,GPVI (1) + V¥ (t+1) e CM*e, @)
k=1--K

Yo, (t+2)=H,GH Sy +H ,GIVE (t) + VO (t+2) e CMoo, (5)
k=1--K

Yd,k (t +3) = HerG(Zk)HrlrzGik)quSO + Hrsz(Zk)HrlrzG](.k)VrEk) (t) (6)
+ Hrszgk)Vr(z"’(t+2)+V§k)(t+3) eCVbo k=1..., K

where V(t), V() and V{(t) are noise matrices at R, R, and D corresponding to the
k-th time block t-th transmission phase.

3. Proposed Tensor-based Channel Estimation Algorithm

In order to extract the channel matrices involved in the received signal model (4), (5) and (6),
we resort to the tensor unfolding algorithm, which is useful when we want to isolate a matrix
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in a tensor model. In the following, we will present the core equations leading to the
development of the proposed tensor-based channel estimator.

3.1 Model of Two-Hop Link

In this section, we first establish the tensor model of one-way two-hop (i.e. S-R;-D and S-R,-D)
communication link based on PARAFAC model [24]. For simplicity, the amplification matrix
design pattern will be similar to the pattern in [21], in which the rows of matrices E e C**™ and
F e C"™ contain AF coefficients of R and R, indifferent time blocks. More specifically, the
amplification matrix at k-th time block at R, and R, are G¥ =@, (E) and G¥ =D, (F),
respectively. Note that, since our work is focused on channel estimation issues in multi-hop
AF relaying system, the AF matrices G, and G, cannot be optimized at the channel

estimation phases. Thus, in order to be fair for the comparison, we followed the setting as the
references [14, 15, 19, 21, 22] selected as benchmark. In addition, in the scenario where
multiple single antenna relay nodes operate in a distributed manner [23], it is reasonable to
assume the relay amplification matrix G is diagonal. During the normal communication
period, however, the relay amplification matrix does not need to be diagonal. For this work,
the use of non-diagonal AF matrices in the proposed approach is left for future work. Note also
that, once the channels are estimated, the design of full AF matrices can be done.
Then, at the destination node D, by multiplying both sides of (4), (5) with S{', respectively,
yields the k-th frontal slice of the third-order tensor:
M, =M, +V, (1) ()
T, =T, +V.(2 (8)
where M, =H_,®,(F)H, and T, =H_,D, (E)H,, are the matrix-of-interest. M, and T, are
the noise version of m, and T, , respectively, while V, (1), V,(2) are the effective noise
matrices at the destination node corresponding to the second phase and third phase of the k-th
training block, which can be denoted as follows:
V, ) =H,, D VY S} + VP (t+1)s) )
V, (2)=H D, (E)VI (1S5 + Vi (t+2)S] (10)
We take the case of S-R,-D link for illustrating the tensor-based channel estimation
procedure; nevertheless, the extension to the S-R;-D link is rather straightforward. Considering
the k-th time-block, the received signals at destination via the S-R,-D link are stored in the k-th

frontal slice M, of the third-order received signal tensor M =[M, U, M, U, ---M, ] CNN< |
the operator _ represents the concatenation of two matrices along the r-th mode. Each entry

of M is given by
NZ
MG, j.k)=DH,,{mFk mH, (m,j) (11)
m=1
Note that (11) represents the typical PARAFAC tensor model [24], with H_,, F and H_,
as matrix factors. In order to isolate the channel matrices involved in the S-R,-D link, H, and

H, ., there are two unfolding of tensor o by stacking frontal slice M, (k =1,---,K ) and its
transpose M| on top of each other as follows,
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M,
[—(M](l)=

M

M]
[m](Z) =l

M

And, we can have the noise version of [#],, and [H]

[9‘7[](1) =

[9‘71](2) =

H,,D,(F)

= : H,, =(FOH, )H,
H.4 Dy (F)
H;, D;(F)

= Hy, = (FOHL )H
H_, D (F)

@'

1 v

+H b =M, + VO

1 @]

] [V o]

+ | =[M], +VOO
V@ |
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(12)

(13)

(14)

(15)

To extract the channel matrices H, and H,_,, similar to the steps (11)-(15), we can obtain
another PARAFAC tensor model 7' =[T, U, T,--u, T, ], and its two tensor unfolding, which
consist of matrix-of-interest, can be denoted as follows,

[(13](1) =

[(f](z) =

3.2 Model of Three-hop Link

V(2]
+ 1 |=(BOH OH, +VP(2)
[V (2) ]
Vi@
+ 1 [=(EOHL)H, +V@(2)
Vi@

(16)

(17

During the fourth phase, the training signals are transmitted to destination node through the

channel H H

sn ! i

and H,,. Compared to the PARAFAC tensor model, a more flexible

tensor model should be adopted to capture this characteristic. By multiplying both sides of

received signal (6) with S, we have

Qk :Qk +Vk (3)

where

Q. =H, D, (PH,, D, (EH,,

Vi (3)=H D (F)H,, D (E)V,Y (S +H, ;D (F)V/ (t+2)Sg +V(t+3) (20)

By storing the set of K matrices in (19) together along the direction of the index k (the third
dimension), we obtain a third-order tensor Q € C"*™** " whose (i, j, k )-th element is given by

N, N

(18)

(19)

(21)

Qi j.k) =23 H (i, mF(k,mH,, (m NEK,NH, (1, j)

m=1r=1

Q;,:,k =Q,',:,k +(V:,:,k

foralli=1---,N,, j=1---,N, and k=1---,K . ¥ e C"*"* js the

(22)

noise tensor stacked with
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V,(3) as Q, . Note that (21) fellows the typical PARATUCK?2 tensor model [25], in which the
matrices H_, and H,, are associated with the first and second dimension of Q . E and F are
interaction matrices defining the linear combination profile between the N, columns of H,
and the N, columns of H_ , while H__ is the core matrix of PARATUCK2 model.

From the set of slices Q, , in order to estimate H,, and H,,, we can define two matrix
unfolding [Q],,, e C*"*-and [ ], € C*"" in the following manner,

ol [a]
B I P (23)
[Qle = Qk [Qle =| Q¢
Qx| Qr
From (23), we get the following factorization for [ ], and [Q],,,
[Qly =1, ®H, )Q,H, +V (24)
[Q1y = (1 ®HL)QHL, +V (25)
where
D,(FH,, D, (E)
a,- ; c crin (26)
Dy (F)H,, Dy (E)
V=[V/@. - Vie] (27)
and
D, (E)H;, D, (F)
Q, = : c CKNrN; (28)
D (E)H,, D, (F)
V=[V,@®, - QT (29)
To estimate H, . , the third matrix unfolding of Q eC"™** can be defined as
[Q], = [vee(@.). vee(@)] (30)
=(HI, ®H,, )diag(vec(H,, ))(ETOF" )+V
where V =[vec(V,(3)), -+ ,vec(V,(3))]. Note that from equation (30), to estimate the
channel matrixh . =vec(H, ), using the property (3), we can have
al = VeC([Q]l) = thrlrz +v (31)
and
Q, =[(ETOFT) 0(HL, ®H, ) |e CHMtrte (32)

V:[vec(vl(3))T, o vee(V, (3)) T (33)
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3.3 Combined ALS (Comb-ALS) Channel Estimation Algorithm

From the previous discussion, both the channel matrices of H, and H,, are involved in the

two-hop link and three-hop link, corresponding to different tensor models. How to extract the
channel matrices effectively is a challenge. In this section, we propose a combined channel
estimator to estimate the CSI by jointly exploit the benefit of PARAFAC and PARATUCK?2.
Equation (31) leads to the following LS estimation problem,
Ay, = argmin "dl -Qh
=

2
nr, i (34)

D p=
:(Qngl) ' QlH q,
Combining (16) and (24) the LS estimation of H_ can be obtained by solving the following

problem,
~ 2
~ EOH
H,, = argmin [(Z:](D —{ i }Hsﬁ (35)
ﬁ’—qu [Q](z) (k® Hrzd )2, .
The solution is given by
i~
l:|sr :{ EOH 4 } [7:](1) (36)
! (Ik® Hrzd )2, [Q](z)

Heﬂl
With a similar procedure, we combine (15) and (25) to establish the following LS
optimization problem forH_,,

~ - 2
. M FOH,
H;, =argmin [ ~](2) - oo |H (37)
—|LQl | [tc®HR, | ™|
The solution of (37) is given by
_T ~
| FoH. | |9, (38)
nd g
(IK ® HZrl)Qs_ [Q](a)
Heffz
From (14) and (17), we can obtain the LS approximation of H,. and H_, as follows,
~ . ~ 2
Hsr2 = argHrynm “[m](l) - (FOHrzd )Hsr2 E (39)
= (FOHrzd )T[j‘;l](l)
I:|Ild :argmin”[‘f](z) —(EOH H/, ’
¥ i (40)

Hia
T \trep
= (EOH)'[T1,,

Identifiability: Both PARAFAC and PARATUCK?2 decompositions are essentially unique
under some mild conditions, which allows a joint estimation of channel matrices of all links.
Note that H, and H,, are identifiable from (36) and (38) if H,, and H, are full

column-rank, which requires 2KN, > N, and 2KN, > N, . From equations (34), (39), (40), we
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can have KN,N, >N,N,, KN, >N, and KN, >N, . Combining these conditions yields the
following lower bound on the number of time blocks,

k> max| [Nz || N 7 Ne N 1N (41)
NN, '] 2N, [T 2N, '] N, [ N,
where [ x] is equal to the smallest integer which is greater than or equal to x.
Let{H,, , H,,, H

M, T and Q . If the channel matrices of all the mvolved links are full rank and the
identifiablity conditions (41) are satisfied, then {H,, , H,, H, , H.} are essentially

Hrd} be an alternative set of matrices yielding the same tensor

I'I" SI"

I'I” Sf'

unique. In this case, we have H, =A H, H o =H A, H =ADH, AY FIS,Z = A, H,,

and Flrld =H A, , Where the foIIowmg relatlon holds,

(ASHASr)z )® (A Agzrz ) = I N;N, (42)
AGA, =1, (43)
AsrzArzd = IN2 (44)

Since these ambiguities compensate each other, the compound channel is strictly unique
H, :[Hﬁstrl;Hrdesrz;H,ZdeHSJ:[H,ldﬁsrl;ﬂrzdﬁsrz;Hrzdﬁrlrﬁsﬁ]. From (41), we can see
that there is a tradeoff can be achieved between the number of antenna and the period of
required training symbols, which is meaningful in the scenario that the destination antenna
number is less than the relay node antenna numbers as the traditional LS-based channel
training method cannot be used. In addition, if we know the first row of H_, and H_,, these

scaling ambiguities can be eliminated by means of the following equations:

Arld =®1(71)(Hr1d )(I)l(':':d) (45)
Arzd = @1(_1) (Hrzd )@1(|:|:Zd ) (46)

where |3|§°,) denotes the estimated values of H ,  at the convergence of Comb-ALS algorithms.
In practice, the knowledge of the first row of H ;, and H,; can be obtained by a simple
supervised procedure [19, 22]. In this paper, for purpose of performance evaluation, the
scaling ambiguities affecting the estimation of the channel matrices are removed by assuming
the first row of Hrld and Hrzd contain all one elements, similar to [14, 15, 19, 21, 23]. First,
we find A, =@1(|:|jfd) and A, =®1(I:I‘;°d) . Then, applying property
(AB)® (CD)=(A®C)(B®D) yields (A, ®A, ,)(AY) ®AD) =1, and from (42)-(44)
we obtain AY) =A7 =A , and A, =A) =A,.

rd nr,
Note that these uniqueness results are naturally applicable if the S-R;-D link and S-R,-D link
are too weak or not available (e.g. due to shadowing). Thus, we do not have to estimate H_,

H,, and H, , any more, and we can model S-R;-R,-D link by using the PARATUCK?2 tensor
model. Then the uniqueness issue can be simplified to the works in [21],

e
Nst Nd Ns
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If the Ry-R; link is too weak or not available, our model will be simplified to the work in
typical two-hop AF relay system, the uniqueness condition simplifies to the scenario in works
[14, 15].

3.4 Linear Minimal Mean Square Error (LMMSE) Estimation
Table 1. Proposed two-stage fitting algorithm

First Stage (Comb-ALS algorithm)
Step 1.1. Initialize the algorithm with given Eand F and random H{™®, HE? RO, ASY ; set

6(0) = and i=1;
G ~ (0 XNy i Dy (ie N G-1)
Step 1.2. Update H{) =unvec(hy;,) e C"*™ as (34) using H{™ and HI" ;
Step 1.3. Update HY as (36) using H',” , HY,” and HY) ; update HY) as (38) using H", HY and

s r

[o -
Step 1.4. Update Hgg and Hgg from (39) and (40), using I:|§2'2, and I:|§',1) , respectively.
Step 1.5. Calculate 5(i) =‘I:|C -H, i f [5(1-1)-6(i)]/ 8(i) <, then end. Otherwise, let i =i+1

and go to step 1.2.
Step 1.6. Eliminate scaling ambiguity: I:|sr1 « Aﬁdﬁfﬁ : |:|r1d « H:dA;’d”, I:|,2d « ﬁszE;j) :

H, <A H; and H =A H;, AY, where A, and A, are defined in (45) and (46).

st

Second Stage (LMMSE-based processing)
Step 2.1. Calculate T, as (50) using I:|rzd and H

. ., » update H, =TI [Q],;
i

Step 2.2. Calculate T, , as (51) using H,, and H,, ,update H,, =(TH1QL)

sn
Step 2.3. Calculate T, as (52) using H,, and H,,, update h,, =T g,, and then

H,, =unvec(h, )eC" ™.

1)

In this section, an improved estimation of H_, H_and H_, can be derived by the LMMSE

approach, which will further inhibit the error propagation by project the sampled data to the
desired channel subspace by assuming a linear system model [14, 15, 27]. Obviously, the
covariance matrix of the effective noise in (27), (29) and (33) is non-white any more. Note that
the subsequent LMMSE signal processing method has been used in paper [14, 15] in two-hop
PARAFAC tensor model channel estimation algorithm. In this paper, we will firstly derive the
corresponding procedures for PARATUCK2-based LMMSE algorithm of S-R;-R,-D three-hop
link. Table 1 briefly summarizes the proposed algorithm, referred to two-stage fitting

algorithm. The basic ideas are as follows: after an initial estimation of F',l,z and |:|,Zd by the
Comb-ALS algorithm, an improved estimation of |:|s,1 can be obtained by the following
LMMSE approach as H,, =T/'[Q],, where T, eC**" is the weight matrix. The mean
square error of channel estimation can be written as,

J, = E[tr((ﬂsﬁ ~H,)(H, —H,)" )}

=[Tho-1, |[Tie-1, ] +T:6T,

s sty

(48)

where @ =(1, ®H,,)Q,, 0 =hd [61,@2,'-~,@K] and
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0,=E[V V]
~ N,H,, D, (F)H,, D, (E)D!" (E)H!, D! (F)H', (49)
+NH, D, (F)D; (F)HY + NI,
The weight matrix minimizing (48) is given by,
T, = (00" +(3))H) o (50)
Similarly, we can also obtain an improved estimation of H, , and H by the LMMSE
approach as H,, =(T/,[Q])" and h, =T} q,, where T, eC*™™ and T eCK"™"% is
the weight matrix with,

Too = Ny (N,P® 4 NG D
T (@@ + NP, (52)
where ¥ = (1, ®H,)Q,, C=bd[C,,-,C,], I =bd[I},, I Jand
~ N
Ck = —dtr{(DkH (E)H:’z @kH (F)(Dk (F)Hﬁfz ®k (E)}I Ns
N, (53)

+%tr{®k“ (F)D, (F)}+Nql,,

2
O (E)D,' (E))
K N
1
+IN5 ®(Hrzd@k (F)(DkH (F)Hsd)"' INSNd

[1, ®(H,, D, (FYD! (F)H,)] (54)

3.5 Complexity Analysis

The computational cost at each iteration of the proposed algorithm is given in Table 2. For the
sake of simplicity, the expressions in Table 2 approximate the number of floating-point
operations per iteration in considering the dominant cost associated with SVD computation,
which is used to calculate the matrix pseudo-inverses. According to [22, 26], for a full

column-rank matrix of dimensions M xN , the SVD computation cost is O(MNZ). The
overall complexity of the Comb-ALS based algorithm depends on the number of iterations.

Generally, the required iterations for convergence of the proposed Comb-ALS is less than 12,
which will be further analyzed in Section 4. In addition, the subsequent LMMSE approach

imposes O(K3(N§ +N3NS + Nj)) extra operations due to matrix inversions.

In comparison with the PARATUCK-based algorithm [21], we can conclude from Table 2
that the complexity per iteration scales similarly to the proposed algorithm, but the proposed
algorithm is a little higher than [21]. One comes from the estimation of the additional channel

links H, and H,,, which is O(KNst+KNdN§). The other difference results from the extra
sampled data provided in two-hop links when estimating H, and H_, , which is

O(KNgN; +KN,NJ)).
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Table 2. Algorithmic complexity of the Comb-ALS and PARATUCK?2-based algorithms

Algorithm Number of floating-point operations O(e) per iteration
Comb-ALS K[ (2N + NINS + (2N, + Ny )NZ + NNGNSNG |
PARATUCK2-based [21] K[ NGNS+ NGNZ -+ NoNGNSNS |

4. Simulation Results

In this section, some simulation results are provided to demonstrate the performance of the
proposed scheme. Each obtained result is an average over R =5000 independent Monte Carlo
simulations. For each run, the channels are generated from an i.i.d Rayleigh generator while
the users symbols are generated from an i.i.d. distribution and are modulated using QPSK.
And the proposed algorithm is performed following the procedure in Table 1 with & =1x10"® .
In particular, we compare the proposed algorithm with algorithm in [21] and the typical LS
estimator. As for the LS estimator, we adopt the sequential estimation method in [21] to
estimate H_, H,_ and H_,, the channel matrix H_, is estimated from the received signal

model of R,-D link while H,, is draw from the received signal of link S-R,-D based on the
estimated H, ,. Note that in order to ensure the uniqueness of the LS estimation, the antenna

number should satisfy N, > N, > N,. A factor of VK is used to scale the training sequences
S, inthe LS training process to ensure a fair comparison [14]. In addition, in order to make a

fair comparison with the algorithm in [21], we adopt the method in [21] to remove the
ambiguities in the Step 1.6 of the proposed algorithm. From Fig. 2 to Fig. 6, we consider a
special communication scenario, where the source node, the two relay nodes and the
destination node are in a line with equal distance, that is to say, 7, =7, =2. The effect of the

path loss parameter on the achievable diversity gain will be further discussed in Fig. 7 and
Fig. 8.

The estimator’s performance is evaluated in terms of the normalized mean square error
(NMSE) of the estimated channel matrices and the bit error rate (BER). For each channel
realization, the NMSE of channel estimation for different algorithms is calculated as

“H - H“i /|H|} for the channel H, where H is the estimated value. The SNR level at the first

relay node and the second relay node is assumed to be 20dB above the SNR level at the
destination, and the BER performance is obtained with a zero forcing (ZF) receiver. During
the data transmission period, unlike the training period, the amplify matrices are generated
based on DFT matrix. From (4)-(6), the ZF solution can be written as,

+
rszZ sh Yd(t+1)
'qudGl sk Yd (t+2) (55)
H,,G,H,, GH, |LYs+3)

nh

)

H
Sur ®= H
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N=2,N,=N,=4,N =4
L,=2,K=16
SNR=10dB
10"} SNR=15dB
w
w
= SNR=20dB
=
-2
10 f SNR=25dB
SNR=30dB
10‘3 1 1 1
0 5 10 15 20

Number of iterations

Fig. 2. Convergence of the proposed Comb-ALS algorithm

We begin by evaluating the convergence of the proposed Comb-ALS algorithm.
Considering the first propagation scenario, where the parameters are set to N =2,

N,=N,=4, N, =6, L, =2 and K =16. The NMSE value of estimated compound channel
matrix H_ is plotted as a function of the iterations for various SNR values. It can be seen from

Fig. 2 that the algorithm rapidly convergences, usually within 12 iterations.

The NMSE performance of all the channel matrices of the proposed scheme is shown in Fig.
3 and Fig. 4, where the solid line, the dash-dot line and the dot line represent the proposed
Comb-ALS scheme, LMMSE scheme and LS scheme, respectively. In Fig. 3, the system
parameters are N, =2, N, =N, =4, N, =4, L,=2 and K =16. As can be seen from Fig. 3,

the NMSE decreases as SNR increases. As expected, the estimation of H_, H_ = and H,, is

improved by carrying out the additional LMMSE estimation. At high SNR level, the
estimation of H, and H,, yields better performance than other links, the reason is that both

N=2,N,=N,=4,N =4, Comb-ALS
LOZZ,K=16 LMMSE

NMSE
S

0 é lIO 1.5 20

SNR(dB)
Fig. 3. NMSE versus SNR for the antenna number of destination node
equals to that of the relay nodes
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Comb-ALS
LMMSE

4 N=2,N,=N,=4,N =2
L,=2,K=16

10"

NMSE

10 F

10°

0 :’: l‘O 1‘5 20
SNR(dB)

Fig. 4. NMSE versus SNR for the antenna number of destination node

less than that of relay nodes

the channel matrices are involved in all the commutation phases and additional samples can be
provided to improve the performance. In addition, compared to the typical LS channel
estimation scheme, the proposed algorithm yields a more accurate performance. In fact, the
estimation of H, and H_ in LS scheme has an error floor. The reason is that the estimation

of H, , and H,, inthe LS scheme presents an error propagation for the estimation of H_ and
H,, , thus affecting the total NMSE performance. In Fig. 4, we investigate the scenario in

which the antenna number of the destination node is less than that of destination node, i.e.
N, = 2. In this scenario, the sequential LS-based channel estimation algorithm exploited in

[14, 15, 21] cannot be used as the channel estimation problem will be a rank-deficient problem
when the antenna number at the destination node is less than that of relay nodes. From Fig. 4,
we can also see that the NMSE performance of all links decreases when SNR increases.

The impact of antenna number at the destination node on the system BER performance is
shown in Fig. 5. The other system parameters are fixedto N, =2, N, =N, =4, L, =2, K=16.
The dash-dot line represents N, =2 while the solid line represents the scheme of N, =4,
respectively. It can be seen that the BER performance of proposed Comb-ALS algorithm is
considerably improved as the antenna number of destination node increases, especially at high
SNR levels. As the proposed communication process consists two additional communication
links, i.e. the S-R;-D link and the S-R,-D link, a diversity gain can be further obtained compared
to the PARATUCK?2-based one-way three-hop channel estimation scheme. For instance,
when N, =4, at target BER of 107, the SNR gap between the LMMSE case and Comb-ALS

case is more than 1dB.
In Fig. 6, we investigate the number of relay antennas on the BER performance of the ZF
detector using the proposed channel estimator. The other system parameters are setto N, =2,

N, =6, L, =2 and K =20. The dash-dot line represents the number of antenna at relay nodes
is N, = N, =2 while the solid line represents N, = N, =4, respectively. It can be seen that the
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Fig. 5. BER performance versus the antenna number at the destination node
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Fig. 6. BER performance versus the antenna number at the relay nodes

10
0

BER performance is considerably improved as the number of antenna at relay nodes is
increased, owing to the higher spatial diversity. As expected, we can also see that additional
LMMSE process can further improve the BER performance. But with the number of antenna
at relay nodes increasing, the gap between the proposed scheme and the scheme in [21] is
narrowing.

In Fig. 7 and Fig. 8, the impact of the distribution of relay nodes on the achievable gain of
the proposed communication scheme is investigated in two special communication scenarios.
In the best scenario 7, =7, =1, which means both the first relay node and the second relay
node lie in the middle of the SD link, thus has the smallest path loss effect. Obviously, with the
quality of the two-hop link increasing, the achievable gain of the system is superior to the
scenario when 7, =n, =2.
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Fig. 7. BER performance versus different (7,, 7,) in the case that
the antenna number at the destination node less than the relays
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Fig. 8. BER performance versus different (7,, 7,) in the case that
the antenna number at the destination node greater than the relays

5. Conclusion

We have proposed a novel channel estimation algorithm for multi-hop relaying
communication systems, where both the one-way two-hop communication link and one-way
three-hop link exist. The proposed algorithm provides the destination node with full
knowledge of all channel matrices involved in the communication, suffering from smaller
channel estimation error. Compared to existing one-way three-hop approaches, the proposed
scheme is able to make a more efficient use of cooperative diversity by jointly estimating the
channel matrices of all links via PARAFAC and PARATUCK2 tensor model in an iterative
way. Our simulation results verify the effectiveness of the proposed algorithms in terms of the
convergence speed, NMSE and BER performance.
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