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Abstract

In this paper, we address the channel estimation problem for multiple-input multiple-output (MIMO) multi-relay
systems exploiting measurements collected at the destination only. Assuming that the source, relays, and destination
are multiple-antenna devices and considering a three-hop amplify-and-forward (AF)-based training scheme, new
channel estimation algorithms capitalizing on a tensor modeling of the end-to-end communication channel are
proposed. Our approach provides the destination with the instantaneous knowledge of all the channel matrices
involved in the communication. Instead of using separate estimations for each matrix, we are interested in a joint
estimation approach. Two receiver algorithms are formulated to solve the joint channel estimation problem. The first
one is an iterative method based on a trilinear alternating least squares (TALS) algorithm, while the second one is a
closed-form solution based on a Kronecker least squares (KRLS) factorization. A useful lower-bound on the channel
training length is derived from an identifiability study. We also show the proposed tensor-based approach is applicable
to two-way MIMO relaying systems. Simulation results corroborate the effectiveness of the proposed estimators and
provide a comparison with existing methods in terms of channel estimation accuracy and bit error rate (BER).
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1 Introduction

Cooperative communications have been considered as
a promising concept to improve the link performance
in modern wireless communication systems due to spa-
tial diversity gains, enhanced coverage, and increased
capacity [1-4]. In this context, relaying has been com-
monly accepted as a key technique to improve system
performance by overcoming channel impairments, such
as fading, shadowing, and path loss, in wireless fading
channel environments [4-6]. By resorting to relay-assisted
cooperation, multiple wireless links between mobile sta-
tions and base stations are established to create a vir-
tual multiple-input multiple-output (MIMO) system [7].
In the simplest relay processing strategy, the relay sta-
tions amplify and forward the received data towards the
base station. In this work, we adopt amplify-and-forward
(AF) relaying due to its simplicity of implementation [5].
This strategy is preferable when fixed relay stations have
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a limited computation capacity as opposed to the base
station.

The overall link reliability of cooperative diversity
schemes strongly depends on the accuracy of channel
state information (CSI) associated with the multiple hops
involved in the overall communication. Moreover, the use
of common precoding techniques at the source and/or
relays generally requires instantaneous CSI knowledge of
the different channels to optimize transmission [8,9]. In
practice, however, the CSI is unknown and has to be
estimated with the aid of training sequences [10,11]. For
two-hop relaying systems, the associated channel matri-
ces can be estimated in separate LS estimation stages that
operate sequentially at the destination [10]. When the
communication involves additional hops, such a sequen-
tial LS estimation approach still applies by using addi-
tional transmission phases. The main problem is that
channel estimation errors accumulate across the consec-
utive stages. In [11], a closed-form solution was pro-
posed for the joint estimation of the channel matrices
in a two-hop MIMO relaying system, avoiding error
propagation.
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A few recent works have developed efficient receiver
algorithms based on tensor analysis for channel esti-
mation and/or symbol detection in cooperative systems
[12-16]. In [12], a training sequence-based channel esti-
mation algorithm is proposed for two-way relaying sys-
tems with multiple antennas at the relays. Recently [14],
a channel estimation algorithm based on parallel factor
(PARAFAC) model [17,18] was developed for two-hop
MIMO relay systems. The approach allows estimation of
the channel matrices associated with both hops by resort-
ing to training sequences. Other few recent works have
developed tensor-based receivers for one-way two-hop
cooperative systems [13,15,16]. In particular, the approach
of Ximenes et al. [16] assumes a Khatri-Rao space-time
(KRST) coding [19] at the source node, and a semi-blind
receiver is proposed by assuming the existence of a direct
link between the source and the destination.

The approach of Roemer and Haardt and Rong et al.
[12,14] allows a joint estimation of the channel matrices
by resorting to training sequences. With the idea of avoid-
ing the use of training sequences at the users’ and relays’
transmissions, the work [13] proposed a blind receiver
for uplink multiuser cooperative diversity systems based
on a PARAFAC model for the received signal. However,
[13] is limited to a clustered relaying scenario, where
relays belonging to the same cluster have the same spa-
tial signature. The common feature of all these works is
on the assumption of only two hops (source-to-relays and
relays-to-destination). To further extend the coverage area
and combat channel impairments such as path-loss and
shadowing, it may be advantageous to introduce an addi-
tional hop along with an extra communication phase by
means of three-hop relaying [5]. We highlight that the
interest of the proposed work is on the joint channel
estimation problem (i.e., joint channel and symbol estima-
tion is not addressed here). The joint channel estimation
problem was addressed in [12] for a two-way relaying sys-
tem and in [14] for a one-way two-hop system. From a
tensor modeling viewpoint, the common feature of both
works is on the use of the PARAFAC model. Herein, we
focus on a one-way three-hop multi-relay system, while
resorting to a PARATUCK2 model to derive the proposed
algorithms.

In this work, novel channel estimators are proposed for
MIMO multi-relay systems. Assuming that the source,
relays, and destination are multiple-antenna devices and
considering a three-hop AF-based training scheme, new
channel estimation algorithms capitalizing on a multi-
linear structure of the end-to-end communication chan-
nel are proposed. The proposed approach is based on a
PARATUCK2 tensor model [20] of the data collected at
the destination only, which allows the channel matrices
to be jointly estimated at the destination. Two receiver
algorithms are formulated to solve the channel estimation
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problem. The first one is an iterative channel estima-
tion method based on a trilinear alternating least squares
(TALS) algorithm derived from a PARATUCK2 tensor
model of the received data, while the second one is a
closed-form solution based on a Kronecker least squares
(KRLS) factorization. The proposed approach provides
an extension of the idea recently proposed in [14] to a
more general scenario with two-tier relaying using MIMO
AF relays. Identifiability of the channel matrices is also
examined in this work, and a useful lower-bound on the
channel training length is derived. In contrast to con-
ventional pilot-assisted LS channel estimation, where the
channel matrices are estimated separately in consecutive
stages, our proposed algorithms make a more efficient
use of cooperative diversity by providing a joint estima-
tion of all the channel matrices. As will be clear later,
such a joint channel estimation is possible due to the
use of the tensor approach to model the end-to-end
system.

In comparison with conventional (multi-stage) LS chan-
nel estimation [10], the proposed tensor-based estimators
have two distinguishing features: i) they avoid accumu-
lation of channel estimation errors since all the channel
matrices are estimated simultaneously (either iteratively
or in closed-form), and ii) they can operate under less
restrictive (and more flexible) conditions on the required
number of antennas at the relays and/or destination,
as will be clear from our identifiability analysis. Our
approach also includes the PARAFAC-based channel esti-
mator of [14] as a particular case. We also show that the
proposed tensor modeling approach copes with a two-way
MIMO multi-relaying communication system, where the
TALS and KRLS channel estimators can be applied.

This paper is organized as follows. In section 2, the
system model and working assumptions are described.
Section 3 formulates the proposed approach. The data
model is recast using tensor analysis, and the two chan-
nel estimation algorithms (TALS and KRLS) are derived.
Identifiability of the channel matrices is also examined in
this section. In section 4, we provide an extension of the
proposed tensor-based signal model to a two-way MIMO
relaying scenario. Numerical results are presented and
discussed in section 5, and the conclusions are drawn in
section 6.

Notation: Scalars are denoted by lowercase letters
(a,b,...), vectors as lowercase boldface letters (a,b,...),
matrices as uppercase boldface letters (A, B, .. .), and ten-
sors as calligraphic letters (A, B,...). AT and A" stand
for transpose and pseudo-inverse of A, respectively. To
retrieve the element (i, j) of A, we use a(i,j). The ith row
of A € CI*R is denoted as A;; while its rth column is
denoted by A(.,). The operator D; (A) forms a diagonal
matrix out of the ith row of A. The Khatri-Rao (colum-
nwise Kronecker) product between A € C*R and B €



Han et al. EURASIP Journal on Advances in Signal Processing 2014, 2014:163

http://asp.eurasipjournals.com/content/2014/1/163

C/*R ie, AoB = [A¢1) ®B(1y, ..., Aqr ®Bir)| €
(CI]xR.

2 System model

We consider a three-hop MIMO AF communication sys-
tem where the source node transmits information to the
destination node with the aid of R; relays in the first tier
and Rj relays in the second tier. As shown in Figure 1, the
source and destination nodes are equipped with Ny > 2
and N; > 2 antennas, respectively, and half-duplex relays
are considered. The gth relay of tier 1, which receives
data from the source node, is equipped with I, antennas,
q = 1,..., Ry, while the pth relay of tier 2, which receives
data from tier 1 relays, is equipped with /, antennas, p =
1,...,Ry. The total number of antennas that transmit in
second and third phases are denoted by Ny = I; +- - -+,
and No =Ji + - - - + Jr,, respectively.

Some key assumptions are now given: (i) relays are
synchronized at the symbol level. More specifically, the
timing offset is assumed to be within one symbol period,
so that timing information is acquired only through some
form of (rough) coarse synchronization; (ii) fading is
assumed to be frequency flat, and the data block size is
smaller than the channel coherence time so that the chan-
nel is considered as time invariant; (iii) the direct links
between the source (resp. tier 1 relays) and the destination
node are not available?. This situation is evidenced in the
current uplink of IEEE 802.16;.

2.1 Datamodel
The communication between source and destination is

accomplished in three hops. In the first hop, the modu-
(CNSXI
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channel between the source and the gth tier 1 relay, and
vé?) (t) € Cla*1 is an additive noise vector. Noise samples
are modeled as independent and identically distributed
complex Gaussian random variables with zero mean and
unit variance.

In the second hop, the source stops transmission and
all the R; relays of tier 1 amplify their received signals
with diagonal AF matrices GV, ..., G®) and simultane-
ously forward the resulting signals to the tier 2 relays. The
received signal vector at the pth relay of tier 2 is then given
by

Ry
W+ =Y HY?Gy o +viP ¢t +1) (2
q=1

where H,(rf D € Cr*ls is the MIMO channel linking the R;
tier 1 relays to R; tier 2 relays, while vﬁf) (t+1) e Cx1
denotes the corresponding noise vector. In the third hop,
the source and all tier 1 relays are silent, while the tier 2
relays process the received signal vector with the diagonal
AF matrices JU, . ..,J®) and forward their amplified sig-
nals to the destination. The received signal vector at the
destination is then given by

R,
Yeat+2) = > HPTOWE (¢ + 1) + via (e +2),
pr=1

®3)

where HE? € CNJr is the MIMO channel linking the pth
tier 1 relay to the destination, and vyq(¢ + 2) € CNax1 the
corresponding additive noise term.

Let us define the multi-relay (block) channel matrices

lated signal vector ug (¢) € is transmitted to R
5 . f( ) . ! Hy = [H(l), e ,H(Rz)] € CNaxN2, (4)
relays. The received signal at the gth relay of tier 1 can be rd rd
written as Hgyl) . HS,RO
- N2 ><N1
v (0 = Hf ', &) + 0 @) () i IR
@ HrrZ’ Hrrz, !
where yg’ (1) € Cl*1 is the received signal vector at T . AT (R)T Ny x Ny
th . (@ I, xN; : H, = [Hsr »oe o Hg ] eC ’ (6)
e gth relay of tier 1, Hy' € CY*% is the MIMO
Y-V > NN
bl |l \ \\ Y ?‘\
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Figure 1 Block diagram of the considered MIMO multi-relay system.
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and let G = bdiag [G(l), e ,G(Rl)] e CNXN1and J =
bdiag [](1), ce ](Rz)] € CN2xN2 he the two diagonal matri-
ces that collect the AF coefficients of the overall multi-
relay system. Using these definitions, and using (1) and (2),
we can rewrite (3) as follows:

yrd(t + 2) = HigJHGHgrug (£) + Vg (¢ + 2), (7)

where Vi (t4+2) = Vg (&) + Ve ¢+ 1) + viq (t+ 2) s
the total noise at the destination, which contains the fil-
tered noise contributions from the multiple relays, with

Vor (1) = HpaJHiGvgr, Vir E4+1) = Hrd_{‘vrr t+1),
v b+ = [P @+, P e+ D] e e,

T
. nT R)T
Vg () = I:Vgr) @®,... ,Vgrl) (t):l e CMix1,

Note that, since this work is concerned with channel
estimation, the AF matrices G and J cannot be optimized
at the transmission (source and relays). Therefore, for sim-
plicity, we have assumed that these matrices are diagonal.
The use of non-diagonal AF matrices in the proposed
approach is left for a future work. Note also that, once
the channels are estimated, the design of full AF matrices
can be done, e.g., based on the SVD of the channel matri-
ces, following the idea of [9] or on the mean-square error
(MSE) criterion [21]. If simplified AF schemes are used,
where only power allocation is done, G and J are diagonal
matrices, the coefficients of which can be designed as a
function of the mean channel and noise powers [5] or opti-
mized from power allocation strategies, as shown recently
in [22].

2.2 Conventional LS estimation method

The simplest approach to estimate the effective channel
Her = HqJH; GHg (including the amplifying factors)
is based on training sequences. If separate estimations of
the multi-relay channels Hyq, Hyr, and Hg; are required,
for instance, to optimize the source precoding matrix
and the relays’ AF matrices, three separate LS estima-
tion stages should operate sequentially at the destination.
The method would work similarly to that of Kong and
Hua [10]. Denote Sy € CNs*Lo a5 the training sequence
matrix sent by the source node, while S14 € CMNixL1 gnd
Saa € CN2*L2 are the training sequence matrices sent
by the relays at tiers 1 and 2, respectively. Assume that
orthogonal training sequences are used in all stages, which
implies training sequences of length Lo > Ns, L1 > Nj and
Ly > N at the source, tier 1 and tier 2 relays, respectively.
In the first stage, Syq is transmitted from all tier 2 relays
to the destination. The LS estimate of H,q is obtained
as

Hy = Y;S}, (8)

where Y; € CNex[2 js the received signal matrix at the
destination during the first training stage. In the second
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stage, S1q is transmitted from all tier 1 relays to the des-
tination via AF processing at the tier 1 relays. Defining
Y, € CNaxI1 a5 the data received from tier 1 relays at
the second training stage, an LS estimate of H,, can be
obtained as

I,:Irr = (ﬁrdl)T YZSll—[d' (9)

Finally, Sg is transmitted from the source to the destina-
tion via the two tiers of relays. The destination collects the
received data in Y3 € CNs*Lo_ An estimate of ﬁsr is then
found as

o oo b G
Hy = (Hrd]HrrG) YSSO . (10)

This method requires 6 transmission phases to provide
the destination with all the channel matrices (1 phase
for estimating Hyq, 2 phases for estimating H;, and 3
phases for estimating Hg,). Note that the channel esti-
mation errors accumulate across the consecutive stages,
due to the dependency between successive channel esti-
mates. Moreover, this method requires N; > N, >
N; for the uniqueness of the LS estimates of f:[rr and
Hq:. In the following, we adopt a different path to solve
this problem by capitalizing on tensor analysis. The idea
is to provide the destination with a joint estimate of
all the partial channels H,q, Hyr, and Hg by exploit-
ing the tensor structure of the end-to-end signal model.
The proposed approach allows channel estimation to be
performed under less restrictive conditions on the num-
ber N, of receive antennas at the destination compared
with the conventional LS estimator, while avoiding error
accumulation.

3 Proposed approach

In order to derive the proposed channel estimators, we
first recast the formulation of the system model by resort-
ing to multi-way (tensor) analysis. First, let us divide the
overall training period into K time blocks. In every time
block, the same training sequence matrix Sg € CNs*[o
is transmitted by the source node. In the kth time block,
the relays of tiers 1 and 2 use the AF matrices Gy and
Ji» respectively, k = 1,...,K. Let us define E € CK>*N
and F € CK*M2 a5 channel training matrices such that
Di(E) = Gg and Dg(F) = Ji, where Dg(-) forms a diag-
onal matrix out of the kth row of its matrix argument.
Otherwise stated, the rows of E (resp. F) hold the AF
coefficients of the Ry (resp. R;) relays associated with
the different time blocks. Then, the signal received at
the destination during the kth time block can be written
as:

Y = HyaDy (F) Hiy Dy (E) HorSo + Vi,
k=1,...,K,

(11)
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where V; = H; 4Dy (F) Hy Dy (E) Vsr,k + HyaDy (F) Vrr,k:
Vi € CN17Lo js the noise matrix at the relays during the
kth time block, V., € CN2*10 is the noise matrix at the
second hop relays for the k-th time block, and Viq | €
CNaxLo s the noise matrix at the destination for the kth
time block.

Regarding the structure of the channel training matri-
ces E € CK*Ni and F € CK*N2, ynless otherwise stated,
their columns are chosen as length-K random sequences
following a uniform distribution between [ —1, 1]. These
sequences are defined beforehand and known at the des-
tination node. With such a choice, the signals transmitted
by the relays across the K time blocks have random phases
and are subject to limited power fluctuations. Clearly, this
design is not optimal for minimizing the mean square
error of the channel estimation. Determining an optimum
design for these matrices is a difficult problem and is not
pursued in this work. Nevertheless, extensive computer
simulations have demonstrated that this choice yields very
good results. For convenience, we will come back later to
the problem of choosing E and F from a channel iden-
tifiability viewpoint. A more elaborated design of these
matrices will be then proposed.

Upon reception of the data matrix Yg, k = 1,...,K,
an unstructured estimate of the end-to-end channel dur-
ing the kth time block is first obtained at the destination.
Multiplying both sides of (11) with the known training
sequence matrix SOH yields

~

Hj = Y, S e CNoxs

= HuDy (F) HoDy (E) He + VS, (12)
k=1,---,K.Letus introduce
Hy = Hy + VS, (13)
where
H; = HyDy (F)H D (E)Hg,, k=1,...,K, (14)

is the matrix-of-interest that represents the effective end-
to-end channel, Vi is the total noise matrix, and Hy
is the noisy observation of Hy. We can assemble the
set {Hy,---,Hg} to form a three-way array, or a third-
order tensor, H € CNae*NsxK \whose dimensions are Ny
(first dimension), N; (second dimension), and K (third
dimension).

Equation (14) corresponds to a PARATUCK?2 model of
the (noiseless) tensor H [23]. The PARATUCK2 model
has first appeared in [20]. A more comprehensive formu-
lation is given in [23], which also details an alternating
least squares procedure for estimating its matrix factors.
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Here, we show that this tensor model can be exploited to
derive novel channel estimators for a cooperative MIMO
relaying system.

Now, let us define

Hij = [vec (Hy), - ,vec (Hg)] € CNaNexK (15)

where Hpj) is a matrix ‘unfolding’ for the tensor H
obtained by stacking column-wise its K slices. Define also
W, = Dy (F) Hy Dy (E) € CN2XN1, (16)

Substituting (14) into (15), and applying property
vec (ACB) = (BT ® A) vec(C), we get

Hyy = (HY @ Hug) [vec (W1) -+, vee (W]
_ (HSTr ® Hrd) diag (vec (Hyy)) (ET o FT> 17)
where
T T T T T T NoN1 xK
E'oOF = [E(L:) QFq - Exy® F(K,:)] e CH R,
(18)

Ex,) € CP*N1 (resp. Fu, € C*M2) denote the kth
row of E (resp. F), and © is the Khatri-Rao (columnwise
Kronecker) product.
Applying property vec (Adiag(x)B) = (BT O] A) X, we
get from (17) the following expression:
vec(Hp)) = @1vec (Hyy), (19)

where

T
Q) = [(ET OF") o(H}® Hrd)} € CNPNIKNIN,
(20)

In addition to the matrix unfolding Hpy, it is useful
to define two other matrix unfoldings, which collect the
information of tensor H. Therefore, let us now define

H,; H
H[Z] - c (CNdKXNs, H[g] - . c (CNSI(XNd'
Hg Hy
(21)
From (14) and (16), it follows that
H,qW1 H.q Wi
Hp = H, = Hyr
HiqWk Hi | [ Wk
(22)
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and
HL W Hy, wT
. T . T
His) = : Hyy = ¢ | Hyg
HG W HY | | wT
(23)
or, more compactly,
Hpy) = (Ixk ® Hyq) @2Hg, (24)
Hpg) = (IK ® H;fr) QH, (25)
where
Wl Wﬂlf
92 = : c (CNZKXN1, Szg — : c (CNlKXNz.
Wk WE
(26)

3.1 Identifiability of channel matrices
Identifiability of Hg, Hy, and H,q in the LS sense
from Hpjj, Hpp), and Hpz) (see Equations (19), (24), and

(25)), respectively, requires that ; = [(ET 0 FT)TQ

(HL ® Hy)] € CNoNsXNiN2 7,0 = (Ix @ Hyg) R €
CNaKxNt and Zjg) = (Ix ® HSTr) Q3 € CNKXN2 pe fyl]
column-rank. These requirements come from the fact that
1, Z[2}, and Z[3) must be left-invertible, from which the
following necessary conditions are obtained:

NyNgK > N1Np, NyK > Nij, NgK > N. (27)

From the three inequalities and from the fact that we
must have K > 2, the lower bound on the number K of
time blocks necessary for identifiability is given by

NNy N; Ny
K > max dd—=1,1—=1,2]),
N, N Ny N

where [x] is equal to the smallest integer that is greater
than or equal to «.

Note that the identifiability of the channel matrices
Hs,, H;;, and H,q from the unstructured channel ten-
sor H will ensure that the compound channel H, =
H,qH H,, € CNaxNs jg strictly unique. Note also that
conditions NyN;K > NNz and NyjK > Nj are clearly
much less restrictive in terms of the required number Ny
of antennas at the destination node, in comparison with

(28)
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the conventional three-step LS estimator that requires
N, > Nj > Nj. Otherwise stated, estimation of the partial
channels can be done even in situations where the number
of receive antennas is much less than the number of relay
antennas (provided that K satisfies condition (28)). This
situation may arise in scenarios with denser deployments
of relay stations, where the total number of relay anten-
nas exceeds those of source and/or destination antennas.
As shown by these inequalities, the possibility of afford-
ing fewer receive antennas is compensated by an increase
on the number K of training blocks, which represents a
trade-off.

Condition (28), although necessary, is not sufficient for
identifiability. Since Zp] = (Ix ® Hyq) @y € CNaKxNi
and Z3) = (IK ® H;fr) Q3 e CNK*N2 additionally, must
have rank(£23) = N; and rank(3) = Ny, i.e., both £, €
CN2KxNi gnd Q3 € CNkxN2 st be full column-rank.
Otherwise, Z[7) and Z3] will be rank-deficient, even if (28)
is respected.

Let us assume that the partial channels Hg, Hy,
and H,q are full rank matrices, which is a reason-
able assumption when the wireless links are assumed to
undergo scattering-rich multipath propagation. The fol-
lowing corollaries can then be obtained:

Cl If Ny = N», identifiability of the partial channels is
guaranteed for N1 < Ny and Ny < Ny;

C2 If N1 = 1, identifiability of the partial channels is
guaranteed for No < Ny and Ny < K;

C3 If Ny = 1, identifiability of the partial channels is
guaranteed for N < Ny and N7 < K.

Remark: For the first corollary, we can note that if N; <
N; and Ny < Ny, then H . ® Hyq is full column-rank,
which ensures that ; € (C]\[DI\[SKXN2 is full column-rank
due to its Khatri-Rao product structure [24]. Likewise,
Ry € CN2KxNi gnd @5 € CN1k<N2 gre also full column-
rank in this case, guaranteeing the identifiability of the
channel matrices. Regarding the second corollary, it cor-
responds to a special case of our system model where the
first relay tier reduces to a single-antenna relay. In this
case, satisfying No < Ny and No < K ensures that 1, Zpy),
and Z3) are all full column-rank, so that the three par-
tial channels are identifiable. The same reasoning is valid
for the third corollary, which is analogous to the second
one.

3.2 Essential uniqueness

Let {ﬁsr, H.r, ﬁrd} be an alternative set of matrices yield-
ing the same unstructured channel tensor # satisfying
the PARATUCK2 model (14). If Hy,, H,;, and H,q are
full rank and the 1der1t1f1ab1hty conditions (27) are sat-
isfied, then Hsr, Hrr, and Hd are essentlally unique.
In this case, we have HSr = Ay Hg, Hrd = HyqAg



Han et al. EURASIP Journal on Advances in Signal Processing 2014, 2014:163

http://asp.eurasipjournals.com/content/2014/1/163

and ﬁrr =
holds:

AEE)HrrAS), where the following relation

(AcAP) @ (AA?) = Iuns. (29)

Note that permutation ambiguity does not exist due
to the knowledge of the training matrices E and F. The
relation (29) can be obtained by replacing the alternative
solutions Hgy, ﬁrd, and ﬁrr into (14) and then applying
some basic manipulations using properties of the Kro-
necker product. Equation (29) turns into the following
relations: A dA? = aly, and A AD = (1/a)Ly,, where
« is an arbitrary scalar factor. These two relations come
from the fact that the Kronecker product between any two
diagonal matrices is equal to the identity matrix if and
only if these diagonal matrices are (scaled) identity matri-
ces that compensate each other. Consequently, Hg, Hyr,
and H,q4 can be recovered in an essentially unique manner
up to scaling factors. The scaling ambiguity can be elim-
inated by normalizing the first column of Hg; or the first
row of Hyq to one. Since these ambiguities compensate

each other, the compound channel is strictly unique and
we have H. = H,qH, Hs; = H,qH,Hy; = H..

3.3 Trilinear alternating least squares algorithm

The TALS algorithm is an iterative estimation method
that alternates among the LS estimations of the chan-
nel matrices Hgr, Hyy, and Hyq by fitting a PARATUCK2
model from the noisy matrices ﬁ[i] = Hy+Vyi=
1,2,3. Note that the noise term Vy; is constructed in a
way analogous to Hy;}, i = 1, 2, 3, following Equations (15)
and (21), respectively. The AF training matrices E and F
are assumed to be known at the destination and are fixed
during the estimation process. From (19), (24), and (25),
we respectively obtain the following linear optimization
problems:

argmin | vec (ﬁ[l]) — @ vec(Hy)| 12:, (30)
vec(Hyy)
argmin |y — (Ix ® He) @2 |2, (31)

ST

N Ex T T |2
argmin HHB] — (IK ® Hsr) Q3H 4
Hyq E

(32)

These LS estimation problems can be solved alternately
by estimating one channel matrix at each time, while fix-
ing the other matrices to their values obtained in previous
estimation steps. Therefore, each iteration of the algo-
rithm has three estimation steps. The algorithm starts by
randomly initializing two out of the three channel matri-
ces and proceeds until convergence. In the following, a
summary of the TALS algorithm is provided.
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TALS algorithm (direct estimation of Hg;, H;, and Hyq)

1. Setn =0;
Initialize randomly ﬁrr (n=0) and ﬁrd (n=0);
Using (16) and (26), construct £, (n = 0) and
Q3(n = 0), respectively;

2. n<—n+1;

3. Find an estimate of Hg using (22), by solving the LS
problem

argmin ”ﬁ[z] — (I]( ® Hrd) SZZHsr”f:

the solution of which at the nth iteration is given by

l’_\[sr (n) = [(I[( ® ﬁrd (l’l—l)) §2 (I’l—l)]Tﬁ[z]

4. Find an estimate of Hyq using (23), by solving the LS
problem

sy T T 2
argmin HHB] - (IK ® Hsr) Q3H 4
H.q F

the solution of which at the nth iteration is given by
~T ~T ~ T
g o0 = [ (I @ Fy ) @ (-1 Figy

5. Find an estimate of hy = vec (Hyy) using (17), by
solving the LS problem

vec (Fipyj) — [(ET © FT)T o (Hi® Hrd)]

S

the solution of which at the nth iteration is given by

argmin
hrr

il\rr(n) = |:(ET 0) I-‘T>T 0] (l?[;rr n)® ﬁrd (I’l))i|Jr
x vec (Hp1))

6. Rebuild ﬁz(n) and ﬁg(n) and repeat Steps 2 to 5 until
convergence.

Define e(n) = vec (ﬁ[l]) — [(ET ® FT)T o) (ﬁsTr(n)@)
I?Ird(n))]ﬁrr(n). The sum of squared residuals (SSR) at

the end of the nth iteration is defined as SSR(n) =
el (n)e(n). We declare the convergence of the algorithm
when [SSR(n) — SSR(z — 1)| < 107°, meaning that the
model reconstruction error does not significantly change
between two successive iterations.

Generally, the ALS algorithm is sensitive to the initial-
ization, and convergence to the global minimum can be
slow when all the matrix factors of the model are unknown
[25]. However, in our case, we have observed that
convergence to the global minimum is always achieved
(e.g., within 10 to 30 iterations for medium-to-high SNRs)
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due to the knowledge of the AF training matrices E
and F.

3.4 Kronecker least squares algorithm

We now derive a closed-form solution to our channel
estimation problem by exploiting the mixed Kronecker/
Khatri-Rao factorization structure of the matrix unfolding
Hj defined in (17). Starting from (13), the noisy version
of (15) is given by:

Hpyj = Hpy) + (S ® In,) Vi, (33)

where V(1) = [vec(V1),...,vec(Vi)] € CNaNsxK 1ot 7 =
ETOF! € CN1N2XK denote the combined AF training
matrix and assume that ZZ = Iy, x,. Multiplying both
sides of (33) by Z'1, we have:

Xy = Hiyz" + (S ® Iy,) Vi 2" (34)

where X1j = Xp + (S ® Iy,) Vi Z™. From (17), we
have:

Xp = (HE ® Hua ) diag (vec (Her) (35)

Our goal is to directly identify the channel matrices
from (35). However, let us first address the determin-
istic design of the AF training matrices E and F such
that ZZH = (ET © FT) (ET © FT)H = In;n,. Assuming
K > NiNj, this condition is satisfied by designing Z, for
instance, as a discrete Fourier transform (DFT) matrix.
Having fixed the structure of Z, we are left with the prob-
lem of factorizing this matrix as the Khatri-Rao product
between E” and F”. This problem can easily be solved by
means of K rank-one matrix factorizations, which admit
unique solutions. Note that the kth column of Z can be
written as

Z(, k) = (E(k,:) @ F(k, )T e CNNex1 e =1, .., K.

Defining a rank-one matrix Zk = unvec(Z(;,k)) €

CMN2xN1 it follows that
Zi = (F(k,:) T E(k,2),

from which E(k,:) and F(k,:) can be determined as the
unique right and left singular vectors of Zy, k = 1,..., K.
Note that the proposed design, although not optimized
to minimize the mean square error of the channel esti-
mation, ensures that the noise characteristics in (33) will
not be changed when H[l is post-multiplied by Z/ (i.e.,
inverse DFT transformation).

Coming back to the channel estimation problem, from
(35), let us define x;, », € CNsNax1 g5 the [ (n; — 1)Ny +

nz]-th column of X1) € CNsNaxNiN2 0 — 1, ... Ny, 1y =
1,...,Ny. Note that
Xupy = (HEG1) ® Higom) ) hs(ma ) (36)
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Defining X,;, », = unvec(Xy,,,) € CNaxNs g5 g rank-one
matrix obtaining by reshaping, we have

an,nz = hyr (n2, m1) Hea (;, m2)Hgr (111, 2)

gonsider the singular value decomposition (SVD) of
Xog,mpt

(37)

Xy = Uniny A s Vit (38)
m=1,...,Ny, np=1,...,N. (39)

From the rank-one property of X,,, ,.,, we have:
A% (ng) = Up oy 1), m = 1,.., Ny, (40)
Hy 11,9 = Vi D), o =1, Np, - (41)
Tree (12, 11) = Ay (1, 1). (42)

Final estimates of H,q(:, #7) and Hg, (, 1) can be obtained
by averaging over the N7 and N, independent estimates,
respectively:

Hua(m2) = Z Hyi” (o), (43)
Vll 1
Ho(n1,:) = Z Hy? (m1,9), (44)
n2 1
with
I/'ird = [ﬁrd(:¢ D,..., ﬁrd(:¢N2)] ’ (45)
-~ -~ ~ T
Hsr - [Hsr(:, 1)7 ey HSF(:: NI)] (4'6)
k1,1(1, 1) - ?»N1,1(1, 1)
H,, = (47)
)\1N2(1 D - ANy N2(1 1)

Note that the columns of the estimated HSr and ﬁrd have
unit energy while each entry of H,: concentrates all the
energy of the wireless link connecting the source node to
the destination node via a given tier 1-tier 2 relay pair.
Such an interpretation is useful for designing transmit and
receive spatial filters for system optimization as well as for
power allocation purposes.

Discussion: The KRLS algorithm involves the computa-
tion of N1N; SVDs to provide rank-one approximations
for the matrices X1 1re. XN1 Ny, of dimensions Nd X N,
which are constructed from the N1 N> columns X[l] The
distinguishing feature of the KRLS-based estimator is on
the closed-form solution to the problem, as opposed to the
TALS algorithm that consists of iterative LS estimation
steps, which implies a higher computational complexity.
However, note that the KRLS algorithm is only applica-
ble under the condition K > NjNy, which is necessary
for Z = ET © FT to have orthogonal rows, leading to
(35). In contrast, the TALS algorithm can operate under a
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much lower bound on K; as discussed in Section 3.1. This
is clearly a trade-off between both estimators in terms of
identifiability conditions and computational complexity.
As will be shown in the next section, both estimators pro-
vide satisfactory performances, and the choice of the best
estimator is rather dependent on the design constraints of
the system. For instance, we can say that the TALS estima-
tor is preferable if processing power at the receiver is not
too limited, as is often the case with base station recep-
tion in outdoor micro- or macro-cells. The KRLS solution
would be more likely chosen in indoor scenarios, where
channel coherence time is long enough to allow for higher
values of K.

4 Extension to two-way MIMO relaying systems
In the previous sections, we have focused on a multi-relay
cooperative scheme, where transmission is directed in one
direction, i.e., from a specific source to a specific desti-
nation via two tiers of multiple relays. In this section, we
show that the same modeling approach can be extended
to a two-way MIMO relaying scenario, where pilot/data
transmission takes place in both directions. In the first
phase, two sources simultaneously transmit their data to
the multiple relays. Note that, in the two-way case, the
relays of each tier receive a superposition of Ny, + Nj,
signals coming from sources 1 and 2. In the second and
third phases, inter-relay communication takes place. More
specifically, in phase two, tier 1 relays transmit signals
towards tier 2 relays, while tier 1 relays stay silent. In phase
three, the opposite happens. Finally, in the fourth commu-
nication phase, all the relays transmit to the two sources,
and each one of them receives a superposition of N; + Nj
signals.

In the first transmission phase, we assume that training
symbol matrices S; € CNst L and Sy € CN2*L are trans-
mitted from sources 1 and 2, respectively. We omit the
additive noise terms for convenience of presentation. The
signal received at the ith relay tier is given by:

X = Hy,S; + Hy,r Sy = HYS, i=1,2, (48)

where H? = [Hyy, Hy,| € CN*@WatNo) and § =
[SlT SZT]T e CWNatN2XL The training sequence S; cho-
sen by source i, is designed to satisfy the following
conditions:

(i) SiSf' =1y, i=12
(ii) Slsgl = Ony <Ny

A possible construction satisfying these two conditions
is based on the normalized DFT matrix of size L x (N, +
Ns,), with L > Ni, + N;,. This design allows the sources
to eliminate the self-interference generated by their own
transmission, when receiving the signal back from the
relays.
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In the second and third phases, where inter-relay com-
munications happen, the signal received at the relays of
tier i from the relays of tier j, (i,7) = {(1,2), (2,1)}, can be
written as:

= H,;,D;(E)H"’S, (49)

k=1,...,K, where Hr/ri e CNixNj ig the MIMO channel
linking the relays of tier j at transmission to the relays of
tier i at reception, (i,j) = {(1,2),(2,1)}. Note that chan-
nel reciprocity in the inter-relay communications is not
a necessary assumption which means that we may have
Hr1r2 # HI‘QI‘]'

Finally, in the fourth transmission phase, the signals
received at sources 1 and 2 are post-multiplied by S';[ and
S{I , respectively, to accomplish self-interference elimina-
tion, yielding

Yd = (Hrm Dk(Fl)Z(l)) (Hr2sl Dk(Fz)Z,‘f)) sH
- Hr151 Dk(Fl)Hrzrl Dk(EZ)Hszrz

tier 2 — tier 1 relay path
+ Hy,s, Di (F2)Hy,r, Dy (E1)Hy 1,
tier 1 — tier 2 relay path
= HYD(F12)G VD (Eo,DHY?, k=1,...,K,
(50)

and
Yo = (Hrka(Fl)Z,((l)) St 4 (Hrka(Fz)Z(z)) st
= Hr252Dk(FZ)Hrlrng(El)Hslrl

tier 1 — tier 2 relay path
+ Hrlssz(Fl)Hrzrl Dk(EZ)Hslrz

tier 2 — tier 1 relay path
= H(Z’I)Dk(izyl)Gg)D/<(]_31,2)]:I(2'2), k=1,...,K,

(51)

where
HOLD = [Hrls] Hy,s,] € CNoy X (Ni+N2) (52)
A = [HT HE |7 e CMitN2xNy (53)
HCD = [H,,,, Hys,] € CNo X NiHN) (54)
A =[HI HT |7 e CNiHNxNy (55)
G = blockdiag (Hy,r, Hyyr,) € CHTHMDXE1HN)-(56)
G(Z) = bloc1<d1ag (Hryr Hrzrl) e CNIHN)XxN1+N2) - (57)
Fij=[F:F], Ej =[EE], () =1{1,2),2D} (58

Therefore, we can conclude that the signals received at
sources 1 and 2 in the considered two-way MIMO relaying
scenario (Equations (50) and (51)) follows a PARATUCK2
model. By analogy with the noiseless part of the one-way
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signal model (14), we have the following correspondences
between the factor matrices:

(Hoa Ho, Hyp) < (HOD, 02, G

(E,F) «— (F12,E21) (source 1) (59)
(o, Hyr Hor) < (HOD,HC2,G2)
(E,F) «— (F1,E1p) (source 2) (60)

Consequently, the tensor-based channel estimation
algorithms proposed in the previous section can be
equally applied at each source to estimate the channels
HGED, HE2) and Gﬁ?, i = 1,2, from Equations (50) and
(51), respectively. If reciprocity is assumed in the two-way
relay channels, we have:

Hy, =Hl, i=12 (61)
Hy, =Hg,, G)={12,2D),  (62)
Hiy =H,, G)=(12,2D),  (63)

which in turn implies HOD = (l:[(z,z))T = Hy,, HO2 —

- T
(H(z’l))T = Hy,, and Gg) = (Gg)) = G. In this parti-
cular case, the PARATUCK2 models (50) and (51) become
essentially equal, i.e., they depend on the same unknown
channel matrices Hy,, Hy,, and G to be estimated. Note,
however, that such a reciprocity is not a necessary
assumption of our modeling approach, which can be used
in the general case of non-symmetrical two-way MIMO
relay channels.

5 Numerical results

We now present computer simulation results for assess-
ing the performance of the proposed channel estima-
tor in selected system configurations. The estimator’s
performance is evaluated in terms of the normalized
mean square error (NMSE) of the estimated chan-
nel matrices. From the estimated channels, the per-
formance in terms of bit error rate (BER) is calcu-
lated by assuming a linear receive filter. The BER and
NMSE curves are plotted as a function of the over-
all signal-to-noise ratio (SNR) at the destination. This
SNR is given by the ratio between the powers of the
useful signal component and the noise component in
Equation (11). For each simulated SNR value, the results
represent an average over L = 5,000 Monte Carlo
runs. At each run, the channel coefficients are drawn
from a circularly symmetric complex-valued Gaussian
distribution with zero-mean and unit variance, while the
transmitted symbols are drawn from a BPSK sequence.
The SNR level at the tier 1 and tier 2 relays are assumed to
be 30 dB above the SNR level at the destination.
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For purposes of performance evaluation, the scaling
ambiguities affecting the estimates of the channel matri-
ces are removed by assuming the first column of Hg;
and first row of H,q contain all one elements, simi-
larly to [11,14]. These scaling ambiguities can be deter-
mined as follows. First, we find Ay, = D; (H;rr) and
A =D (ﬁrd), Then, applying property (AB) ® (CD) =
(A®C)(B®D) yields (Ax®Aw) (ALY @ AD) =
In,N,, from which we obtain AV @ A® = Al
A;dl. A solution to this relation is then found as A}
[D1 (f1)] " and AR = [Dy (F)] "

In Figure 2, we depict the NMSE performance for the
compound channel of our proposed estimators in compar-
ison with the conventional LS estimator. The parameters
are Ny = 2, N1 = 4 Ny, = 4, N; = 6, K = 16,
Lo = 30, and the number of transmitted data symbols
is N = 1000. We can see that TALS and KRLS have
similar performances, which are considerably better than
the conventional (three-stage) LS estimator. The worst
performance of the LS estimator comes from the error
accumulation across successive channel estimation stages,
which degrades its overall NMSE performance.

Figure 3 shows the NMSE performance of our proposed
estimators in comparison with the two-hop bilinear alter-
nating least squares (BALS) estimator of Rong et al. [14].
This estimator is a special case of the proposed one, where
only one tier of relays is used. In this case, model (11)
reduces to

I &

Yk = Hrde (E) HerO + Vkr
k=1,...,K,

(64)

and the channel matrices Hy, and H,q are estimated
by means of a BALS algorithm. The parameter setting
is the same as that of Figure 2. It can be seen the
proposed estimator operates satisfactorily, being able to
effectively estimate the three channel matrices. Figure 3
also indicates the proposed estimator performs close
to the BALS estimator operating in a two-hop system.
A small performance degradation is observed, which
is due to the presence of an additional AF transmis-
sion phase of our three-hop system, resulting in a
higher overall noise contribution at the destination. Note
also that the TALS estimator involves three estimation
steps while the BALS one has two estimation steps
only.

Figure 4 shows the BER performance of a linear zero
forcing (ZF) receiver designed from the estimated chan-
nel matrices, which are obtained from the TALS, KRLS,
or the conventional LS estimators. The ZF receiver oper-
ates on data block collected in the received data matrix
Y € CKNaxN_ The length of the data block is N = 100
symbols, and the remaining system parameters are the
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—e H( (conventional L.S)
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Figure 2 NMSE of estimated compound channel Hc. Proposed estimators (TALS and KRLS) vs. conventional LS estimator.

SNR (dB)

5 10 15 20

same as those of the previous experiment. The ZF filter
output is given by:

HD; (F) HyDy (B) Hy '

§ZF = : Y.

HrdDK (F) HerK (E) Hg;

(65)

This figure shows similar BER performances for TALS
and KRLS, which are better than that of the conventional
LS algorithm. This result corroborates the effectiveness of

our channel estimators when used with linear receiver for
symbol detection. In Figure 5, we evaluate the impact of
the number of relay antennas on the BER performance of a
linear ZF detector using the proposed TALS channel esti-
mator. The fixed system parameters are Ny = 2, Ny = 6,
Lo = 30, and K = 10. It can be seen that the BER per-
formance is considerably improved as the number of relay
antennas is increased, corroborating the expected gains of
cooperative diversity. Although not plotted in this figure,
the BER curves of the KRLS estimator are similar to those
obtained with the TALS one.

T

—y—H_ (3-hop case)
—— H&I (3-hop case)
- H'd (2-hop case)
—e—H_ (2-hop case) ||

i i i

-10 =5 0

SNR (dB)
Figure 3 NMSE of estimated Hs, and H,q. Proposed estimators (TALS and KRLS) vs. conventional LS estimator.

5 10 15 20
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estimated channel matrices (TALS and KRLS).

SNR (dB)
Figure 4 BER performance of linear ZF detector (TALS and KRLS). BER performance of a linear ZF detector at the destination designed from the

5 10 15 20

Figure 6 depicts the performance of the ZF receiver
designed from the perfect CSI for all channel matrices.

Two parameter settings are considered, where N; = 2
and 4, respectively. The other system parameters are fixed
toNg = 2, N = Ny = 3, Lp = 6, and K = 9.

First, it can be seen that the BER performances are con-
siderably improved as the number of antennas at the
destination is increased, owing to the higher spatial diver-
sity, as expected. From these results, we also find that the

TALS and KRLS estimators provide similar results and,
more interestingly, their performances are close to that of
the perfect CSI case. For instance, for a target BER of 1071,
the SNR gap with respect to the perfect CSI case is less
than 2 dB.

6 Conclusions
We have proposed channel estimation algorithms for
MIMO AF multi-relay systems. The proposed estimators

—o—N =N_=2
+N|=N1=3

—e—N =N=4

i i i

10
-10 -5 0

SNR (dB)

Figure 5 BER performance of linear ZF detector (TALS) versus the number of relay antennas.

5 10 15 20
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Figure 6 BER performance of linear ZF detector versus the number of antennas at the destination. BER performance of a linear ZF detector
as a function of the number of antennas at the destination (TALS and KRLS).

are designed to provide the destination (base station) with
the instantaneous CSI of all the channels involved in the
communication. In contrast to conventional pilot-assisted
channel estimation, the proposed algorithms make a more
efficient use of cooperative diversity by providing a joint
estimation of all the channel matrices thanks to the use of
a tensor modeling of the end-to-end system. Such a joint
estimation can be accomplished either iteratively (using
TALS) or in closed-form (using KRLS). Our numerical
results corroborate the effectiveness of the proposed algo-
rithms. The TALS estimator has a higher computational
complexity than the KRLS one due to its iterative nature.
On the other hand, the minimum condition for operation
of KRLS (K > NjN,) is more restrictive than the identi-
fiability conditions of TALS, which implies more training
(i-e., higher number of time blocks) to carry out the joint
channel estimation. Both algorithms are suitable to the
joint channel estimation problem, and a particular choice
is mostly dictated by practical system requirements. We
have also provided an extension of the proposed approach
to two-way MIMO multi-relay system and verified that
such an extension results in the same tensor model as the
one-way scenario. Consequently, the proposed algorithms
can be applied to one- and two-way multi-relay MIMO
schemes.

Endnote

2Since our focus is on the relay channel, direct links are
not considered for simplicity. However, the idea proposed
in this work can be easily extended to include direct links.
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