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Robust Transceiver Design for Multi-Hop AF MIMO
Relay Multicasting From Multiple Sources

Justin Lee Bing ", Student Member, IEEE, Lenin Gopal
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Abstract—In this article, the transceiver design optimization
problem is investigated for multi-hop multicasting amplify-and-
forward (AF) multiple-input multiple-output (MIMO) relay sys-
tems, where multiple source nodes broadcast their message to
multiple destination nodes via multiple serial relay nodes. Multiple
antennas are installed at the sources, relays, and the destination
nodes. In the transceiver design, we consider the mismatch between
the true and the estimated channel state information (CSI), where
the CSI mismatch follows the Gaussian-Kronecker model. A robust
transceiver design algorithm is developed to jointly optimize the
source, relay, and destination matrices to minimize the maximal
weighted mean-squared error (WMSE) of the received message at
all destination nodes. In particular, the WMSE is made statistically
robust against the CSI mismatch by averaging through the dis-
tributions of the true CSI. Moreover, the WMSE decomposition is
exploited to reduce the computational complexity of the transceiver
optimization. Numerical simulations show a better performance
of the proposed robust transceiver design against the channel
mismatch.

Index Terms—Robustness, amplify-and-forward, MIMO relay,
multicasting, multi-hop, weighted mean-squared error.

1. INTRODUCTION

ITH the recent booming of wireless applications such as
W streaming media and geographic information services,
wireless multicasting systems have attracted great research in-
terest as they enable common information to be concurrently
transmitted to multiple recipients. This significantly enhances
the bandwidth efficiency and reduces the power consumption at
the source node side [1]. The wireless channel is undoubtedly
the choice for multicasting applications due to its broadcasting
nature. Wireless multicasting technology has been included
in communication standards such as WiMAX (Worldwide In-
teroperability for Microwave Access) 802.16 m and evolved
multimedia broadcast/multicast service standards defined by the
Third Generation Partnership Project for Long-Term Evolution
(LTE)-advanced networks [2].
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Generally, the design of the optimal beamforming vectors for
multicasting is difficult due to its non-convex nature. In [3], the
transmit beamforming vector for the multicasting problem has
been investigated with the full channel state information (CSI) at
the source node. In [3], two design criteria have been formulated
based on the minimum transmission power and the max-min
received power, respectively, and both optimization problems
have been shown to be NP-hard. In [4], the channel capacity of
a multi-antenna broadcasting system has been investigated. The
influence of correlated fading channels on the capacity limits
of multi-antenna broadcasting systems has been investigated
in [5]. Two broadcasting schemes have been proposed in [6],
namely the stochastic beamforming and the Alamouti-assisted
rank-two beamforming, where the latter technique is a com-
bination of source beamforming and the Alamouti space-time
coding. Precoder design for multi-group multicasting with a
common message has been addressed in [7].

The works in [3]-[7] focused on multicasting systems with
single-antenna destination nodes, and these works have been ex-
tended to multi-antenna destination nodes to improve the system
performance. A generalized block diagonalization technique
has been developed in [8] to distinguish different multicasting
groups. In [9], the designs of linear precoders based on the
maximization of the achievable rate and the minimization of
the weighted sum delay have been proposed for multicasting
systems with multi-antenna transmitter and receivers.

While the works discussed in [3]-[9] considered single-hop
multicasting systems, it becomes necessary to deploy relay
nodes when the source-destination transmission distance is long
or the wireless channel is strongly shadowed [10]. Relay nodes
can efficiently mitigate the pathloss and shadowing effects of
wireless links due to obstacles such as tall buildings and hills.
In [11], a distributed beamforming algorithm has been proposed
for multi-group multicasting relay networks to minimize the
power consumption of the relay nodes, where each node has
a single antenna. In [12], joint optimization of source and relay
precoders has been investigated for a dual-hop multicasting
multiple-input multiple-output (MIMO) relay system, where all
nodes are installed with multiple antennas.

A more general multicasting relay network has been studied
in [13] and [14]. In particular, transceiver design for dual-hop
multicasting MIMO relay systems with multiple transmitters
has been investigated in [13]. In [14], the transceiver design for
the system proposed in [13] has been extended to multi-hop
MIMO relay systems with multiple transmitters and receivers.
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Multi-hop relay systems are necessary when dual-hop multicas-
ting relay systems are not able to provide a reliable link between
transmitters and receivers. The transceiver designs in [12]-[14]
were developed with knowledge of the full CSI. However, the
full CSI is unavailable in practical wireless systems, and there
is always mismatch between the exact and the estimated CSI.
Such CSI mismatch degrades the performance of the algo-
rithms in [12]-[14], and thus, a more robust transceiver design
is needed. The works in [12] and [13] have been extended
in [15]-[17] to consider the mismatch between the exact and
estimated CSI in the transceiver optimization. This improves
the transceiver performance against the channel mismatch. But
the transceiver design algorithms in [15]-[18] are for systems
with only one source node and one relay node.

In [19], robust transceiver design for amplify-and-forward
(AF) multi-hop MIMO relay networks has been developed based
on various design criteria, and a general design algorithm has
been proposed based on the majorization theory and properties
of matrix-monotone functions. This work has been further ex-
tended in [20] and [21], where the covariance shaping constraints
and per-antenna power constraints have been considered in the
transceiver design of multi-hop AF MIMO relay networks. How-
ever, the transceiver design algorithms developed in [19]-[21]
are for systems with only one source node and one destination
node.

In this paper, we explicitly take into account the CSI mismatch
to develop a robust transceiver design for a multi-hop AF MIMO
relay multicasting system. We consider multiple sources multi-
cast their information to a group of destination nodes through
multiple hops, assuming that all nodes have multiple antennas.
Different from [14], the impact of the channel estimation error
is examined using the Gaussian-Kronecker model. Then the
transceiver optimization problem is formulated to minimize the
maximal weighted mean-squared error (WMSE) of the esti-
mated signals at all destination nodes, where the WMSE is
made statistically robust against the CSI mismatch by averaging
through the distributions of the true CSI. Hence, various robust
transceiver design problems such as the WMSE minimization
and the system capacity maximization can be solved via transfer-
ring into a weighted minimum mean-squared error (WMMSE)
problem.

The contributions and significance of this paper are listed
below:

® The impact of channel estimation error on the performance
of multi-hop multicasting AF MIMO relay systems is
examined in this paper, under the Gaussian-Kronecker CSI
mismatch model.

e The transceiver design proposed in this paper provides
robustness against the unavoidable mismatch between the
true and the estimated CSI in practical scenarios. The pro-
posed algorithm improves the performance of the existing
transceiver design [14].

o This paper extends the existing works in [15]-[18], which
consider only a single source node and a single relay node,
to systems with multiple source nodes and multiple serial
relay nodes. Thus the system model investigated in this
paper supports a longer communication range.
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e This work extends [19]-[21] (with a single source-
destination pair) to systems with multiple source and desti-
nation nodes. Thus, a more general system model is consid-
ered in this paper where multiple sources transmit signals
simultaneously to multiple destinations by exploiting the
broadcasting nature of the wireless channel.

e Compared with the existing works [15]-[21], multiple
serial relay nodes are considered in this paper which signif-
icantly increases the challenges in solving the transceiver
optimization problem, as a large number of mutually cou-
pled matrix variables are involved in the optimization
problem.

® The optimization problem for transceiver design with the
general WMSE objective function in this paper is more
challenging to solve than the MSE problems in [14]-[18],
particularly when the weight matrix is not an identity
matrix, as the subproblems cannot be easily converted to
convex problems.

In summary, the main contribution of this paper to the com-
munications society is to propose a robust transmitter design for
a general multicasting AF MIMO relay system with multiple
source nodes, multiple hops, and multiple destination nodes,
under practical CSI mismatch scenarios, and using a general
WMSE objective. This contribution is important to extend the
range, increase the rate, and improve the reliability of multicas-
ting systems.

To solve the transceiver optimization problem, the optimal
structure of the multi-hop relay matrices is derived, which
enables the objective function to be decomposed into the sum of
L WMSE terms, where L is the number of hops. We show that
under high signal-to-noise ratios (SNRs), the original problem
can be decomposed into L subproblems. Then by exploiting
upper-bounds of the objective functions, we show that the pre-
coding matrices for the first L — 2 relay nodes have a closed-
form water-filling solution. For non-identity weight matrices, the
subproblems of optimizing the source matrices and the precod-
ing matrix at the last relay node are nonconvex, and we propose
iterative algorithms to solve these challenging subproblems. It is
shown through numerical simulations that the proposed robust
transceiver design outperforms the algorithm developed in [14].

The rest of this paper is arranged as follows. In Section II,
we present the system model of a multi-hop multicasting AF
MIMO relay system with multiple sources and CSI mismatch.
In Section III, the proposed robust transceiver design algorithm
is derived. In Section IV, numerical simulations are shown to
validate the performance of the proposed algorithm. The paper
is concluded in Section V.

II. SYSTEM MODEL

In the proposed system as shown in Fig. 1, a multicasting
MIMO relay system with L hops (L > 2) is considered where
K source nodes concurrently multicast their information to M
destination nodes via L — 1 AF relay nodes, where N and
N,.; are the number of antennas installed at the kth source node
and the [th relay node, respectively. To simplify notations, we
assume that each destination node is installed with N antennas.
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Fig. 1. A multi-hop AF MIMO relay multicasting system with multiple

sources.

However, the algorithm proposed can be easily extended to
multicasting systems where destination nodes have different
number of antennas. We also assume that direct links do not
exist between the source nodes and the destination nodes as
well as those between any two non-consecutive relays due to
severe pathloss/shadowing.

As the relay nodes are assumed to work in the half-duplex
mode to avoid self-interference, the data communication be-
tween the source and destination nodes takes place over L time
slots. At the first time slot, the kth source node precodes the mod-
ulated signal vector sj, € CV5.x*1 by a linear precoding matrix
F), € CNsx*Nak and transmits the precoded vector Fys;, to
the first relay node. The covariance matrix of sy is given as
E{skskH} = Iy, , with Np < Ng, where E{-} represents
statistical expectation with respect to the signal and noise, I,
represents an identity matrix of order n, and (-)* denotes the
matrix Hermitian transpose. We introduce Np = Zszl Np k.
as the total number of signal streams from all K users, which
satisfies Ng < min(NR’h . ,NR,LflaND)-

The received signal vector at the first relay node is expressed
as

K
yi = ZHl,kaSk +1n,
k=1

£H,Gis+n,,
£ Hix; +n,, (D

where H; j, € CNr1*Nsk jg the MIMO channel matrix be-
tween the kth source node and the first relay node, n,; €
CNr1x1 ig the additive white Gaussian noise (AWGN) vector at
the first relay node, H, = [H; ;,Hi»,...,H; x|, xi = Gis,
G, 2bd(F,,F,,...,Fg), and s £ [slT, szT, .., sL]T. Here
()T denotes the transposition of a matrix and bd(-) represents
block-diagonalization of matrices.

With the AF protocol, the transmitted signal vector from the
lth relay node is expressed as

X1 =Gy, I=1,...,L—1 )

where G, € CVr1*Nr. g the linear precoding matrix at the
Ith relay node. Here y; € CV=.x1 is the received signal vector
at the Ith relay node which is expressed as

yl:Hle+nT,l7 l:]7aL_1 (3)
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where H; € CVrt*Nr.i-1 ig the [th hop MIMO channel matrix
(Ngo = Zf{:, Ns),and n,.; € CNri*1 g the AWGN vector
at the [th relay node. In the general scenario (i.e. L > 3), by
applying (1) and (2), the received signal vector (3) at the [th
relay node can be equivalently written as

HHG s—i—Z(ﬁ

i=l

) nr,jl) + n,;

l=2,...,L—1 @)
where H,]le X; represents multiplication over a series of X;
from the [th to the kth terms.

The received signal vector x, at the lastrelay node is multicast
to all M destination nodes. Based on (4), the received signal
vector at the mth destination node can be expressed as

1

Ydm = HL,mGL H (HlGl) s+ HL,mGL
I=L-1

- J
Z ( H HlGl 117 = 1) + n,r—i + ngm
l

=L-1

A

L2 As+ vV, m=1,....M (&)

where Hy, ,,, € CNVo*Nr.L-1 j5 the MIMO channel matrix be-
tween the last relay node and the mth destination node, ng ,, €
CNpx! is the AWGN vector at the mth destination node. For
m =1,..., M, the equivalent MIMO channel matrix between
all source nodes and the mth destination node can be written as
1
A, =H,,G, [[ HG)
I=L—1

and the equivalent noise vector at the mth destination node is
given by

— J
m = HL,mGL Z( H HlGl nm

l=L—

1>+an 1] +0d,m-

We would like to note that although the system model (5) is
developed for a narrow band system, for orthogonal frequency-
division multiplexing (OFDM) based broadband multi-hop AF
multicasting MIMO relay systems, the algorithm in this paper
can be applied to each subcarrier of the OFDM system.

Usually, the full CSI is needed for the optimal precoder ma-
trices design. However, the exact CSI is unavailable in practice
due to channel estimation errors which resulting in mismatch
between the true and estimated CSI. Thus, the true channel
matrices H, , H;, and Hy, ,,, can be modelled as [18], [19],
[23], [24]

H, :ﬁl,k"!‘Al,ka k=1,...,K (6)
H, =H, + A, l=2,...,L—1,L>3 (7)
Hp,=Hppm+ ALy, m=1,...,M ®)

where ﬁl}k, I:L, and H r,m are the estimated channel matri-
ces between the kth source node and the first relay node, the
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(I — 1)threlay node and the [threlay node, and the last relay node
and the mth destination node, respectively, A 1, A;,and Ap ,,
are the corresponding CSI mismatch matrices. We assume that
these CSI mismatch matrices satisfy the Gaussian-Kronecker
model [18], [19], [23], [24]

A ~CN(0,Z,® ‘I’lT,k) ©))
A ~CN(0,3; @ ®F) (10)
AL ~CN(0,2L,, @] ) (11)

where ® denotes the Kronecker product, X 3, 3, and Xy, ,,
are the row covariance matrices for A, A;, and Ay, ., re-
spectively, and ¥ ;,, ¥;, and ¥, ,,, are the column covariance
matrices for Ay, A, and Ay, respectively. These covari-
ance matrices model the correlation among antennas at each
node [18].

Based on (6)—(11), the true channel matrices H; 3, H;, and
Hj ,, are rewritten into [18]

o~ 1 1
Hl,k:Hl,k+2|§,kHw1,k‘I’1§,kv k=1,...

K (12)

H =H +S'H, ¥, l=2,... L—1 (13)

o~ 1 1
HL,'m = HL,m + Ei,mH \I]le,m,? m=1,....M (14)

WL, m

where the elements of H,,, ,, H,,, and H,,,  are drawn from
independent and identically distributed (i.i.d.) complex Gaus-
sian distribution with zero mean and unit variance.

Lemma 1: [18], [25] For H ~ CN'(H, X ® ¥') and any
constant matrix A, there is

E{HAH"} = HAH" + tr{AW}X (15)

where ¢r{-} stands for matrix trace.

Due to simplicity, we assume that a linear receiver with a
weight matrix W, is used at the mth destination node to recover
the transmitted signal waveform. Thus, the estimated signal
vector at the mth destination node is expressed as

Sm=Wu¥Yim, m=1,....,M. (16)

It is shown in [19] that various performance metrics for
transceiver design such as weighted MSE and system capac-
ity are functions of the MSE matrix of the estimated signal
waveform at the destination nodes. Moreover, considering that
capacity maximization can be solved via transferring into a
WMMSE problem [26], we introduce a Hermitian weight matrix
O. Similar to [27], the weight matrix O is used to convert the
capacity maximization problem to the weighted MSE minimiza-
tion problem. When solving the capacity maximization problem,
the weight matrix O can be updated iteratively following [26].
Thus, by applying (5) and (16), the WMSE of the estimated
signal waveform at the destination nodes can be expressed as

B, = E{tr{OE,, — )&, —s)7}}
=tr {O(WmE{ydymygm}Wg —W,,A,,

AW +Iy,)}, m=1,...,M. (17)
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The transmission power needed by the kth source node is
tr{F,Ff}, k=1,..., K. From (2), the transmission power
required by the /th relay node can be derived as

P (Giy) = tr {E{xi1x{},}}

=tr{Gi E{yiy{"}YG{l1}, [ =1,...,L — 1.
(18)

III. PROPOSED ROBUST TRANSCEIVER DESIGN ALGORITHM

From (17), we can see that it is difficult to design W,
to optimize E,, without the perfect H; ;, H;, and Hy, ;,,. If
designing W,,,, G;, and F, based on the estimated channel
matrices, the system performance may degrade significantly due
to the channel estimation errors A ;, A;, and Ay ,,. Thus,
instead of optimizing F,,, we design the transceiver precoding
matrices which minimize .J,,, as

Jm = Eg{E,} (19)

where Fy{-} denotes the statistical expectation with respect to
MIMO channel matrices with distributions in (6)—(11). Using
Lemma I, the MSE function in (19) can be written as

W _W,.A,,

m

Im = tr{O(In,; + Wi, Ry,

—APWHEWZ m=1,..., M. (20)

The detailed derivations of (20) can be found in Appendix A.
Here A,, = Hy .G T],_, (HiG)), m = 1,..., M, is the
estimated MIMO channel matrix from all source nodes to the
mth destination node and Ry, . = Ex{E{yamy},}}, m =
1,..., M, is the expectation of the covariance matrix of yg

with respect to the distribution in (12)—(14) as
R = ﬁL,mGLRYLfleﬁf,m

+tr{GLRy, \GI'¥L 0} 5 m + Iy,

Yd,m

where Ry, = Ey{E{y;y}} is the expectation of the covari-
ance matrix of y; with respect to the distribution in (13) and is
calculated recursively by

RYL = I/‘\IlGlRylile{ﬁfI + t’/‘{GlRylileI‘I’l}El

+Ing,s l=2,...,L—1
and for [ = 1
- R K
Ry, = HiGIGIH + ) tr{F\F{/®, ;} 34 + Iy, .
k=1

As the exact MIMO channel matrices are not available, the
power constraints at the /th relay node (18) can be expressed as

Ey{P(Gi1)} =tr{G 1Ry, G/}, 1=1,...,L—1.
2D
The objective of the proposed robust transceiver design is to
minimize the maximum of the MSE in (20) across all destination
nodes subjecting to the power constraints at the source and relay
nodes. Based on (20) and (21), the optimization problem can be
written as
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(22a)

min max Jp,
{Fh{Gih{W,} m
st. tr{GRy, G} <P, 1=2,...,L

(22b)

tr{FyF}y < P,p, k=1,...,K (220)

where {Fy} 2 {Fp,k=1,....K}, {G}2{G,l=
2,...,L}, and {W,,} 2{W,, m=1,...,M}, (22b) is
the power constraint at the (I — 1)th relay node with a power
limit of P,.; > 0 and (22c¢) is the transmission power constraint
at the kth source node with the power budget F;j; > 0.
Due to the complicated objective function (22a), it is very
challenging to determine the solution to the min-max problem
(22) with a reasonable computational complexity.! Hence, a
low computational complexity approach is developed in this
paper to solve the problem (22).

A. Optimization of W ,,, and G

For any given {Fj} and {G,}, the optimal W,, which
minimizes .J,,, in (20) is the linear minimum MSE (LMMSE)
receiver expressed as [28]

W,, = AHR_!

m=ryd,m’

m=1,....,M (23)

where (-)~! represents the matrix inversion. By substituting (23)
to (20), the WMSE function can be rewritten as

I =tr{0 (In, - ARy} A,.)}.

With the input-output relationship (4), it can be shown that
the optimal G, has the optimal structure of [26], [29]

G, =TD, [1=2,...,L

(24)

(25)

where T; € CNri-1*N5 g a linear filter which is viewed
as the transmitting precoder matrix for the effective /th hop
MIMO channel,and D; = O 7 K/I R, € CNo~Nnitisthe
LMMSE receiver weight matrix for the (I — 1)th relay node
received signal. Here K; = H;:l(ﬁi(}i), l=1,...,L—1.
Using (25), (24) is equivalently expressed as the sum of L MSE
functions as

T = tr {0y, + GI'HI'E " HIGY) ' |

L—1
+3 tr {(Z;' + T{’ﬁﬁE;‘ﬁlTl)*'}
=2

+or{(z + AL, B HLL T 26)

where

m

K
1= tr{FWFY O 8+ Ty, @7
k=1

IFor systems with perfect CSI, the problem (22) can be solved by an iterative
algorithm similar to [ 14] based on the conditional quadratic structure of J,,, [22]
with respect to the variables {F}, {G;}, {W,, }. For practical systems with
CSI mismatch, with some approximations, the problem (22) is able to be solved
by the iterative approach in [14] with a high computational complexity. It can
be shown similar to [14] that the MSE gap between the simplified algorithm and
the iterative algorithm reduces with the increase of the system SNR.
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Z,=O0%K! R, K, ,0:, 1=2..L (28
2 =tr{TZ, T/ ¥} +1yn,,, [=2,...,L—1
(29)
EL,m = tT{TLZLTg‘I’L’m}EL7m+IND,m = 1, .. .,M.
(30)

When the perfect CSI is available, we have E; =1 Npo
l=1,...,L—-1,and Er, ,,, = In,,m = 1,..., M. Then (26)
can be viewed as the MSE decomposition based on multi-hop
multicasting MIMO relay systems without channel estimation
error, i.e., Hy , = H; 3, H; = H;, and Hy, ,,, = Hy, ,,,. More-
over, it can be noticed that the first term in (26) is actually the
WMSE of the first-hop signal waveform estimation with the
LMMSE receiver I' = G{'H{' Ry | at the first relay node which
is expressed as

Js = Eg {E{tr{O ((Ty; —s)(Ty1 —s)")}}}
=tr {o (I‘R_le‘H ~TH,G, - GFHITH INB>}

—~ ~ —1
= tr {o (INB + GFHFE;IHIGI) } .

The subsequent trace terms in (26) can be considered as incre-
ments of the MSE caused by the consecutive hops.
From (25) and (28), the transmission power required by the
(I — 1)th relay node is expressed as
tr{GRy, .G} = tr{T)Z, T}, 1=2,...,L. (1)
Substituting (31) into (22), the optimization problem (22) can
be rewritten as

min max J,, (32a)
{Fp} AT} m

st tr{TyZ/ T} <Py, 1=2,...,L (32b)

tr{FyFI} < P, 4, kE=1,...,K  (32)

where {T;} = {T;,l =2,...,L}. Based on the matrix inver-
sion lemma [30], (28) can be rewritten as

7, = 07K/, (K, K, +9,,) 'K, ,0?

= O%KﬁlQ;JIKZ—I(KEIQ;JIKZ—I +INB)710%

1=2,...,L
where
0 =g
l J R l R
Q= (H:G)E; . [[(GIH) +E,1=2,..., L.

=2 i=l i=j

It is noted that Z; can be approximated as O with high
SNRs, i.e., Kﬁlﬂf_llKl,l > In,. Hence, the problem (32)
is expressed into
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min  max tr{O Iy, + GITHIE'H,G }
(LT m (v PECHG)”
L—1 R .
+3 {(0*l n TfIHfI’r;lHlTl)’l}
1=2
+tr {0 T AL, L H )
(33a)
st. tr{T)OTH}< Py, 1=2,...,L (33b)
tr{FyFi} < P, 4, k=1,....,K  (33c)
where {X;,l=2,....,.L—1}and{X [ ,,,m = 1,..., M} are
given by
Y, =tr{T,OT/ ¥,}%; +1y,, (34)
Y =tr{T,OTY®, ) +1In,. (35)

When the exact CSI is available, there are &) = Iy |, T, =
INRl,l—Z ,L—1,and Y, =In,,m=1,...,M,and
the problem (33) can be viewed as a non- robust transcelver
design problem. In other words, the proposed robust transceiver
design extends the non-robust transceiver design algorithm to the
general practical multicasting MIMO system with CSI mismatch
and the WMSE objective function.

It can be observed that each trace term in (33a) can be
optimized independently. Thus, the problem (33) can be de-
composed into L subproblems. In particular, the problem of
optimizing the source precoding matrices can be written as

in trdO(T GHFHA=EH,G,)"! 36
l{f%lﬁ r{ (In, + G'H; 1GY) } (36a)
st. tr{FyFIY < P.p, k=1,...,K. (36b)

For L > 3, the problem of optimizing the (I — 1)th relay node
precoding matrix, l = 2,..., L — 1, is given by

Irql}ntr{(o-l +T{fﬁ{’T;‘ﬁlTl)-l} (37a)
l

st. tr{T,OT{} < P,,. (37b)

Finally, the precoding matrix at the last relay node is optimized
by solving

min maxtr{O(INB + TL HL mTzlmI/-\IL,m'i‘L)fl}
T, ™ '

(38a)

st tr{T,TH} < P, (38b)

where ’i‘L = TLO%.

B. Optimization of {F}}

When O = 1Iy,, the problem (36) can be modified to a
convex semidefinite programming (SDP) problem. However in
general cases (O # Iy, ), the problem (36) is difficult to be
formulated into a convex optimization problem. Thus, we show
in Appendix B that (36a) can be reformulated as follows
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tr{O(Ix, + GI'HI'E'"HG)) '}

=min By {tr(OE{(L"y, —s)(L"y1 —s)"})}  (39)
where L is the weight matrix of a linear receiver for the MIMO
system in (1). By utilizing (39), the problem (36) can be solved

through the following problem

{gli}nLtT {<O%LHI/:11G1 — O%)(O%LHﬁlGl - Og)H
ks

+0¥LHEIL0%} (40a)

st. tr{FFIY <Py, k=1,... K. (40b)

In general cases of W, j # gg,INS,k’ the problem (40a) is
difficult to solve as a result of Z; being a function of {Fy}.
Thus, the following inequality [31] is applied to overcome the
challenge

tr {AB} < tr{A} i, (B)

where A, (+) is defined as the maximal eigenvalue of a matrix.
By applying the inequality (41), an upper-bound of =; is given
by

(41)

sk)tm ‘Ijlk Zlk+INRI :¢l~ (42)

K

k=1

Using (42), the problem (40) can be written as

min, tr {(0¥LHI?11G1 —0%)(0*L"H,G, - 0%)H
ks

+O¥LH@,L0%} (43a)

st. tr{FyFIY <Py, k=1,... K. (43b)

In the following, an iterative algorithm is proposed to solve
the problem (43). In this iterative algorithm, L is optimized by
(63) in Appendix B based on {F} from the previous iteration.
Then using the L obtained from the current iteration, {F},} are
optimized by solving the following problem

H H
intr{ (PG, —07)(PG, —02)# 44
g;lgr{( | ) (PG 2) } (44a)
st. tr{FyFIY<P,p, k=1,....K (44b)

where P = O L¥H;,. We update {F\} and L alternatingly
till convergence. By introducing Pj; and Oy, which con-
tain the Z?;é Ngj;+1to Z?:o Ng ; columns of P and the

Ef;(l) Npj+1to Z?:o Np ; columns of o~ respectively,

E=1,...,K, with Ngg = Npo =0, the objective function
(44a) can be rewritten as
K
H
> tr {(PiFi — Ok)(PyF), — Op) "} . (45)
k=1

It can be seen from (44b) and (45) that the problem (44) can be
decomposed into K subproblems. Each F, can be obtained by
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solving the following optimization problem

r%in tr {(PxF), — Ox)(PLF, — Oy) "} (46a)

st. tr{F,FI} < P, . (46b)

The Lagrange multiplier method [32] can be used to solve the
optimization problem (46) and the solution is

Fip = PPy +0Ing,) 'PHOy 47)

where A > 0 is the Lagrangian multiplier. Based on (63) and
(47), the computational complexity order of optimizing {F}, } at
the first relay node can be estimated as O(c; (KN3 ;, + N7, 1)),
where c; is the number of iterations till the corivergence of
{F}. Since the update of L and {F} in each iteration reduces
or maintains but can not increase the value of the objective
function (43a), and (43a) is bounded below by 0, a monotonic
convergence of the iterative approach in solving the problem
(43) can be observed.

C. Optimization of T,

In general cases of ¥; # O'SINRJ , the problem (37) is difficult
to solve as Y is a function of T;. Thus, the inequality (41) is
applied to overcome the challenge. By applying the inequality
(41), an upper-bound of (34) is given by

Y < Proihn(B)8 + In,, £ @ (48)
Using (48), an upper-bound of (37a) is given by
tr{(071 +TZHB1TZ)71} (49)

where B; £ IA{lH<I>l_IIA{l. From (49), the problem (37) can be
written as

min tr {(O"+T/B/T))"} (50a)
st. tr{T;0OT{} < P.,. (50b)

The eigenvalue decomposition (EVD) of O and B; is introduced
as O = UpXEoU¥X and B, = V,Ap, V/ respectively, where
the diagonal elements of 3 and Ap, are sorted in descending
sequence. The optimization problem (50) can be solved by using
Lemma 2 in [29], and the solution is given by

1
T, =V.,1A%, UG (51)

where V ; contains the leftmost N g columns of V;,and A, isa
diagonal matrix with nonnegative diagonal entries. By applying
(51), the problem (50) can be converted to the following problem
with scalar variables
Np

1
min — (52a)
(ri} = 00, + AT iAB,
Np
st Y Ar.i00,i < P (52b)
i=1
)\TM-ZO, izl,...,NB (520)

where {A, ; } £ {A,i,i=1,...,Np}, A1, i.00,.and Ap, ;
are the ith diagonal elements of A,, ¥, and Ap,, respectively.
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By applying the Karush-Kuhn-Tucker (KKT) optimality condi-
tions, the optimal solution for the problem (52) is obtained as

1 [ A 1 "
)LTz,i:)L ) ( Bm__ ) , i=1,...,Np
B, H100,i 00,i

(53)
where ()" = max(x,0) and g > 0 is the solution to the
+
. N Np T0,i )»B’,i 1 —_
non-linear equation of 3 ;™% Ao ( woos " son) = i

This solution is also known as the water-filling solution. As the
most computationally intensive operation of optimizing T; is
calculating the EVD of O, the complexity order of optimizing
T, is O(N3).

D. Optimization of T,

Similar to the problem (36), the problem (38) can be converted
to a convex SDP problem if O = I,. But for O # I, the
problem (38) is difficult to be formulated into a convex opti-
mization problem. Let us consider a single-hop MIMO channel
with

Yam = HrmTrs + g (54)

Using (54), we show in Appendix C that the function in (38a)
can be reformulated as

tr{o(y, + THAL, L He T '
= min Ep{tr(OE{(®)F4m —s)(OFam —s)"})}
(55)

where ©,, is the weight matrix of the linear receiver for the
MIMO system in (54). By utilizing (55), the problem (38) can
be solved through the following problem

_min  maxtr {(O%QZﬁL,mTL_0%)(0%971;[741’_1[41”1’1:‘[’
TL,{@",,} m

—oH)H 4 0¥@§TL,m@m0%} (562)

st. tr{T,TH}y <P, (56b)

where {©,,} £ {©,,,m = 1,..., M}.Based on the technique
used for optimizing {F} and {T,}, an upper-bound of Y, ,,
is given by

TL,m S PT,L)Lm(‘I’L,m)EL,m + IND = (I,L,m-
Using (57), the problem (56) can be written as

(57)

_min  maxtr {(O%@THnﬁL,mTL*O%)(O%Qﬁnﬁlymrii
T {©,} ™

—oH)H 4 0¥@£jq>L,m@mo%} (58a)

st. tr{T,TH} < P, 1. (58b)

Because of the highly complex objective function (58a), the min-
max problem (58) is difficult to solve. We propose an iterative
algorithm to obtain the solution of the problem (58). In this
algorithm, ®,,, is optimized by (65) in Appendix C based on
T, from the previous iteration. Then using {©,,,} obtained from
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the current iteration, T 7, is obtained by optimizing the following
problem

min max tr {(O%QgﬁL,m’i‘L - O%)

Ty m
O 1y nd FEANg 24
x(0%©"H,,, T, — 0%) } (59a)
st. tr{T,TH} < P, 1. (59b)

We update {©,,, } and T. alternatingly till convergence.
Let us introduce a real-valued slack variable  and positive
semidefinite (PSD) matrices C,,,, m = 1,..., M, with

C, > (0701H,,,T,-07)(070 H, ,T,—07)"

and Q > T, 'i‘f . By applying the Schur complement, the opti-
mization problem (59) can be expressed as

min _ v
7,QA{Cm},TL

st tr{Cp} <~,

(60a)

m=1

s, M (60b)
C. K,
— >0, m=1,...,.M (60c)
Km INB

tT{Q} S Pr,La Q Z 0

Q T, >0
T Iy, )T

where K,,, = O%GgﬁL7m’i‘L — O%, m=1,...,M and
{Cn}={C,,,m=1,..., M}. The problem (60) is a convex
SDP problem which can be solved by the convex programming
toolbox CVX [33]. Since the conditional update of T 1, and
{©®,,} in each iteration reduces or maintains but can not in-
crease the value of the objective function (58a), and (58a) is
bounded below by 0, a monotonic convergence of the iterative
approach in solving the problem (58) can be observed. Since
the complexity of solving the problem (60) is O((szz, -1+
(M + 1)N%)*(M + 1)1 N%3), the computational complex-
ity of solving the problem (58) has an order of O(ca(N3, +
(Nf o+ (M +1)N)*(M +1)'°Ng?)), where ¢, is the
number of iterations till convergence. By adding up this com-
plexity order with the complexity of optimizing {Fj} in
Section III-B and optimizing T; in Section III-C, the overall
complexity of the proposed robust transceiver design algorithm
is given by O(ci(KNZ, + N )+ (L —2)Ng + c2(N}, +
(N + (M +1)Ng)*(M +1)'°N5”)). Note that this
complexity order is for the general case where the weight
matrix O # Iy, . For the special case of O = I, the robust
transceiver design subproblems (36), (37), and (38) can be solved
with non-iterative approaches at the same complexity order as
the corresponding subproblems in Section III-B of [14]. Note
that the full CSI is required in [14], while the CSI mismatch is
considered in the proposed algorithm.

(60d)

(60e)
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IV. SIMULATION RESULTS

In this section, the performance of the proposed robust
transceiver design algorithm for multi-hop multicasting MIMO
relay systems is investigated through numerical simulations. We
simulate multi-hop AF MIMO relay multicasting systems with
K = 2 source nodes and Ng | = Ng, = Ng = 2. Except for
the last simulation example, a three-hop (L = 3) system is sim-
ulated with Ng | = 8, Ngr» = 4,and Np = 8. The information-
carrying symbols are modulated by quadrature phase-shift key-
ing (QPSK) constellations. We set Py | = Ps» = Ps, and the
SNRs of the first hop and the other two hops are set as SNR| =
P;/Ng and SNR;, = P,.;/Ng, = P,»/Ng,, respectively. In
each channel realization, each source node sends 1000 randomly
generated bits. The simulation results are averaged through 1000
independent channel realizations.

We model the correlation matrices of channel estimation
errors as [34]

(@) klpg =P pg=1,... Nep, k=1,...,K

[\Ill p,q:a‘piq‘a paq:17"'aNR,l—la l:27aL_1
[lI’L,m p,q:a‘piq‘a pg=1,...,Np, m=1,.... M
[Ziilpg =287 pg=1,...,Ng,, k=1,.... K

(Bilpg =026 pg=1,... Ny, 1=2,...,L—1

}
}
}
}
}
(Ermlpg =028 pg=1,...,Np, m=1,....M
where « € [0, 1] and 8 € [0, 1] are the correlation coefficients,
and o2 represents the variance of the estimation error. We
set a = 0.1 and §=0.01 in the simulations. The estimated
channel matrices H; 3, H;, and H; ,,, are modelled through the
distributions given by [18]

. _ 22
H, ), ~ CN(O, zaezl,keam?k), k=1,... K
O ?
T 1-a} T
H ~CcN(0,— 2509l ), 1=2,..,L-1
U@
~ 1—03 T
HL}mN CN 0, 3 EL,m®‘I’Lm ,m=1,..., M.
UG ’

The system performance of the proposed robust algorithm
(Robust) is compared with the algorithm given in [14] using only
the estimated CSI H, ;. k=1,..., K, H;,[=2,...,L — 1,and
H L,m>m = 1,..., M (denoted the Non-Robust algorithm). The
performance of the algorithm in [14] with the full CSI (FCSI)
OfH]}k,]ﬂ: 1,...,K, Hl,l :2,...,L— 1,andHL’m,m=
1,..., M (denoted the FCSI algorithm) is also shown and in-
cluded as a benchmark.

In the first numerical example, the convergence rate of the
iterative algorithm in Section III-B to optimize {F}, } is investi-
gated. Weset L =3, M =4, and Ug = 0.0001. The simulation
is carried out at three different SNR, i.e., SNR; =5 dB,
SNR; = 10 dB, and SNR; = 15 dB, while {F}} are initial-
ized either by scaled identity matrices or square matrices with
randomized entries. Fig. 2 illustrates the number of iterations
required by the algorithm in Section III-B to achieve conver-
gence in the normalized MSE (NMSE) (with O = I,,) of the
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Fig. 2. Example 1: NMSE versus the number of iterations at different SNR;.
L =3, M =4,and o2 = 0.0001.

signal waveform estimation. It can be noted from Fig. 2 that the
NMSE monotonically decreases with the number of iterations
towards convergence, which verifies the convergence analysis in
Section III-B. It is also observed that the convergence rate of the
algorithm in Section III-B increases with SNR;. Based on the
comparison between the two randomization methods, it can be
seen that the initialization with scaled identity matrices requires
less iterations to achieve convergence. Thus, in the remaining
numerical examples, the algorithm in Section III-B is initialized
with scaled identity matrices for a faster convergence rate.

In the second numerical example, we investigate the mutual
information (MI) between the source nodes and the destination
nodes using the proposed robust transceiver design algorithm.
To maximize the system MI, we apply the iterative approach
in [26], [27] which turns the MI maximization problem into the
WMSE minimization problem. The weight matrix O # Iy, is
updated iteratively, and after the first iteration, O is equal to
the inverse of the MSE matrix in each iteration [26]. Fig. 3
demonstrates the system MI versus SNRy at L =3, M =4,
Jg = 0.0001,and SNR; = 25dB. It can be noticed that the FCSI
system provides an upper-bound of the system MI, while the
proposed robust algorithm outperforms the existing non-robust
approach across all SNRo. We would like to mention that the
FCSI system is an ideal case where the full CSI is known
for the transceiver design, which is unavailable in practice.
Through this numerical example, it is shown that the proposed
algorithm works efficiently for the general case of O # Iy,.
In the remaining numerical examples, we choose the weight
matrix to be an identity matrix as we focus on the NMSE and
bit-error-rate (BER) performance of the proposed robust system.

In the third simulation example, the BER performance of the
proposed robust transceiver design algorithm is studied. Fig. 4
illustrates the BER performance of the three algorithms versus
SNR; at L = 3, M = 4, and SNR; = 25 dB with 62 = 0.001,
and 02 = 0.0001. Itis noted from Fig. 4 that the proposed robust
algorithm consistently outperforms the non-robust algorithm
over the entire SNR; region. Moreover, the results in Fig. 4
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Fig. 3. Example 2: MI versus SNRo. L =3, M =4, ag = 0.0001, and
SNR; = 25 dB.
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Fig. 4. Example 3: BER versus SNR; at various o2. L = 3, M = 4, and

SNR, =25 dB.

demonstrate that the FCSI algorithm provides a lower bound of
the system BER. When CSI mismatch is small, the performance
of the proposed robust optimization algorithm is close to that of
the FCSI scheme.

In the fourth numerical example, the performance of the
proposed algorithm at L = 3, M = 4, and SNR; = 25 dB with
02 =0.001 and o2 = 0.0001 is studied. The NMSE perfor-
mance is illustrated in Fig. 5 and the BER performance is shown
in Fig. 6 for the three algorithms versus SNRj. It is noticed
from Figs. 5 and 6 that the system performances of the proposed
robust algorithm in term of NMSE and BER are better than that
of the non-robust algorithm over the entire SNR, range. When
o2 is reduced, the system NMSE and BER decrease for both the
proposed robust and non-robust algorithms. When o2 = 0.0001,
the performance of the proposed algorithm is very close to that
of the FCSI scheme.
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Fig. 5. Example 4: NMSE versus SNR; at different aé. L =3, M =4,and
SNR; = 25 dB.
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Fig. 6. Example 4: BER versus SNR; at different O‘é L =3, M =4, and
SNR; = 25 dB.

In the fifth example, the BER performance of the proposed
robust algorithm with various number of destination nodes is
investigated. In this simulation, we set L = 3, SNR; = 25 dB,
and o2 = 0.0001. Fig. 7 displays the BER performance of the
proposed algorithm and the FCSI scheme versus SNR, for
M =2, M =4, and M = 8. It can be seen from Fig. 7 that
as the number of destination nodes increases, the BER keeps
increasing which is analogous to the results obtained in [15].
This is reasonable because it is more likely to find a worse relay-
destination channel among an increased number of destinations
and we choose the worst-user MSE as the objective function.
For a various number of destination nodes, the average BER of
the users is very similar up to SNR, = 15 dB.

In the last simulation example, we investigate the NMSE
performance of the proposed robust algorithm for multicasting
AF MIMO relay communication systems with various number
of hops. We set M =4, SNR; = 25dB, and og = 0.0001 for
this simulation. Fig. 8 illustrates the NMSE performance of
the proposed robust algorithm and the FCSI algorithm versus
SNRj for L =3, 4, and 5. We set Np3 =4 for L =4 and
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Fig. 7. Example 5: BER versus SNRy at different M. L = 3, ag = 0.0001,
and SNR; = 25 dB.
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Fig.8. Example 6: NMSE versus SNRy atdifferent L. M = 4, aé = 0.0001,
and SNR| = 25 dB.

Np3 = Npy4 =4 for L =5. It is noticeable that the NMSE
increases with the number of hops. This is because with a larger
number of hops, the communication between the source nodes
and the destination nodes occurs over a longer distance. It can
be seen from (26) that with increasing number of hops, there
are more trace terms in the WMSE function. Hence, the system
NMSE increases with the number of hops. We also observe from
Fig. 8 that the NMSE performance of the robust algorithm is
close to that of the FCSI system for L = 3, 4, and 5.

V. CONCLUSION

In this article, we have investigated the problem of robust
transceiver design for multi-hop multicasting AF MIMO relay
systems from multiple sources when there is mismatch between
the exact and estimated CSI. Here, we assumed that multiple
source nodes broadcast their message to a group of destination
nodes through multiple serial relay nodes. In the proposed
transceiver design, the Gaussian-Kronecker model was adopted
for the CSI mismatch. Furthermore, a robust transceiver design
algorithm was developed to jointly optimize the source, relay,
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and destination matrices to minimize the maximal WMSE of
the received signal at all destination nodes. It can be noticed
that the WMSE is made statistically robust against the CSI
mismatch by averaging through the distributions of the exact
CSI. Moreover, the WMSE decomposition was exploited in
the proposed transceiver design to reduce the computational
complexity of the transceiver optimization problem. Numerical
examples demonstrated the improved performance of the pro-
posed transceiver optimization algorithm against the channel
mismatch.

APPENDIX A
DERIVATION OF (20)

In this appendix, the derivation of (20) is presented. By
substituting (17) into the WMSE function (19), we obtain

I 2 tr {O(Wo Eg{E{yamy i m HWE — Wi Eg{A,, }
—Ea{ATYW +1x,)}

=tr{O(In, + W,,Ry, WH —W,_A,,

—AIWHN =1 M (61)

where R and f&m are derived as the following

Yd,m
Ry,.. = Eu{E{yamyim}}
= Ey{H, .G Ry, GIHI} + 1y,
— H,,.G.Ry, GIYHY
+tr{G.Ry, GY¥¥. 12, + 1y,
A, =Ep{A,}

~H.,.,.Gy f[ (AuG) .
l=L-1

Here Lemma 1 is used to obtain the third equation of Ry, .
APPENDIX B
DERIVATION OF (39)

In this appendix, the derivation of (39) is shown. By taking
the expectation on the right-hand side of (39) and using Lemma
1, we obtain

En{tr(OE{(L"y, —s)(L"y, —s)"})}
= Eg{tr{O[L" (H,G,GIH +1y,)L
—~L7H,G, - G{'H{'L + Iy, ]}
=t{O[L"(H,G,GI'H + 5))L
~L"H,G, - GFHIL +1,,]}. (62)

Obviously, the optimal L minimizing (62) is the Wiener fil-
ter [28] given by

L = (H,G,GIH + 2))'H,G,. (63)

After substituting (63) back into (62), the left-hand side of (39)
can be obtained.
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APPENDIX C
DERIVATION OF (55)

In this appendix, we show the derivation of (55). By calcu-
lating the statistical expectation on the right-hand side of (55)
using Lemma 1, we obtain

Eu{tr{OE{(©} Fam — ) (O Fim —s)"}}}
= EH{tT{O[Qg(HL,mTLTgHgm +1In,)0O,
-0MH;,,T, - T/H{ 0, +Iy,]}}

=tr{O[©(H, ,, T, T{HY  +Y1.,)0,

-e"H,,T, - TIHY ©,, +1Iy,]} (64)

Obviously, the optimal ®,, minimizing (64) is the Wiener
filter [28] given by

~ ~ o~ -1 ~
O = (A TLTf AL, + Yom) HinTo 69

After substituting (65) back into (64), the left-hand side of
(55) can be obtained.
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