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TABLE I
(K ∗ , L∗ ), O PTIMAL VALUE OF (K, L) ACCORDING TO λ AND α, AND
C ORRESPONDING Γ(K ∗ , L∗ ), Dmsg (K ∗ , L∗ ), AND Υ(K ∗ , L∗ )

sensing period for achieving the maximum CR effective throughput
with the constraint that the PU disturbance time should not be greater
than ΥTH , at each given λ. In the figure, K is set to 5, and ΥTH = 1.
In the proposed scheme, since L is a positive integer, when L∗ is
decreased by one, the mean PU disturbance time Φ is sharply decreased. In Fig. 3(a), when λ = 0.0108, L∗ = 4, and Φ = 0.9879,
whereas when λ = 0.0109, L∗ = 3, and Φ = 0.4997. This fluctuation
is also observed for the fixed-sensing-period scheme with T ∗ , since
T ∗ takes an integer value. On the other hand, Fig. 3(b) shows that
the proposed scheme greatly outperforms the fixed-sensing-period
scheme, in both the packet delay and the throughput. Finally, Table I
shows L∗ and K ∗ according to the packet arrival rate and the PU
on/off duration when ΥTH = 3, M = 30, and β = α. K ∗ is mainly
influenced by the load of the CR system, but L∗ is influenced by the
PU on/off duration as well as the load. As the load increases, K ∗
gets larger to reduce the collision rate. In addition, for the shorter PU
on/off duration (i.e., larger α and β), L∗ is decreased for more frequent
sensing. This results in the shorter mean PU disturbance time but leads
to the performance degradation of the CR system.
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Centralized Two-Way AF MIMO Multiple
Dispersed Relay Network
Kanghee Lee, Jie Yang, Hyuck M. Kwon,
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Abstract—This paper considers a two-way amplify-and-forward (AF)
multiple-input multiple-output (MIMO) relay network consisting of two
sources (each with multiple antennas) and multiple physically dispersed
single-antenna relays. A central station finds the optimum relay amplifying matrices and transmit/receive beamforming vectors explicitly and
iteratively under the transmit power constraints at the sources and the
relays. The minimum-mean-square-error criterion is used. Numerical results show that the proposed scheme outperforms the existing two-way AF
MIMO network schemes proposed by Arti et al. and Wang et al.
Index Terms—Amplify-and-forward (AF), beamforming, minimum
mean square error (MMSE), power constraint, two-way.

V. C ONCLUSION
In this paper, we have designed an adaptive sensing scheduling
scheme for CR S-ALOHA networks while exploiting the inherent
property of adaptive S-ALOHA that the SUs are always monitoring
the channel to control the transmission trial probability p. Despite
the adaptive control of p for avoiding collision, when transmission
failures occur consecutively L times, the proposed scheme recognizes
it as a sign of PU activation and performs channel sensing. This sensing triggering is well matched with adaptive transmission control of
S-ALOHA and can be very simply implemented.
We have analyzed the performance of the scheme by using a Markov
model and formulated an optimization problem for finding the optimal
L. With the proposed scheme, the CR system achieves good performance in throughput and delay, while protecting the PU properly.
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I. I NTRODUCTION
Recently, various two-way wireless relaying schemes have been
studied to improve spectral efficiency [1]–[3]. Arti et al. in [1] studied
a beamforming and combining scheme for a two-way amplify-andforward (AF) multiple-input multiple-output (MIMO) relay network
consisting of two sources and a single relay, where both sources and
relay have multiple antennas. The maximum ratio transmission and
maximum eigenvalue principles were used in [1]. This paper assumes
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that each relay does not know the entire channel coefficients, but
they report their locally available channel coefficients to a cloud radio
access network (CRAN) so that the CRAN can compute the optimum
diagonal AF relay amplifying matrix and forward its ith diagonal
element to the ith relay. Hence, we call the proposed scheme the
“centralized scheme for physically dispersed relays (CSPDR)”.
The two-way AF MIMO wireless relay system with a multiantenna
single relay between two multiantenna sources has also recently
attracted attention [1]. However, the system with multiple dispersed
single-antenna relays between two multiantenna sources has not been
studied much in the literature except for a few papers, e.g., [2], where a
diagonal relay amplifying matrix and beamforming vectors were presented for the two-way AF MIMO relay network. The minimum mean
square arror (MMSE) criterion under the transmit power constraint at
two sources and relays was applied to determine them in [2]. As a
special case of [2], the two-way AF single-input single-output (SISO)
wireless relay system with multiple single-antenna relays between two
single-antenna sources has been studied in [3]. The relay amplifying
matrix was designed under only the relay transmit power constraint
in [3].
In this paper, we focus on the CSPDR for the two-way AF MIMO
wireless relay network consisting of a source–destination pair with
multiple antennas and multiple relays with a single antenna per relay,
as done in [2]. The difference between the proposed CSPDR and the
existing scheme in [2] is presented in Section IV. The objective of
this paper is to jointly determine MMSE-based AF relay amplifying
matrices at the relays and transmit/receive beamforming vectors at the
sources/destinations by imposing the transmit power constraints at the
two sources and relays, independently and individually. This paper
provides an iterative algorithm that can solve the optimal transmit/
receive beamforming vectors and relay amplifying matrix.
The main contributions of this paper are summarized as follows.
• This paper has solved the optimal diagonal AF relay amplifying
matrices and optimal transmit/receive beamforming vectors at
the sources/destinations explicitly and iteratively under source
and relay transmit power constraints simultaneously, although
the existing works [1]–[3] have not. The symbol error rate
(SER) performance with the proposed CSPDR outperforms, e.g.,
6.5-dB gain at SER = 10−3 shown in Fig. 4, the existing scheme
in [2]. In particular, the number of iterations is less than 15 for
most practical cases. Hence, the proposed solutions are more
efficient than the exhaustive search in [2].
• The relay transmit power pr in this paper is constrained to be 1,
regardless of either M (number of transmit antennas at source)
or N (number of relays), whereas the relay transmit power in [1]
increases as M or N increases. In addition, the proposed scheme
shows much better performance, e.g., 4.1 dB at SER = 10−2 in
Fig. 5, than the existing scheme in [1] with the normalized relay
transmit power.
The remainder of this paper is organized into four sections.
Section II describes the system model and data transmission strategies
applied. Section III provides the CSPDR with a set of optimal relay
amplifying matrix and transmit/receive beamforming vectors under
transmit power constraints at both the sources and the relays. In
addition, the optimal relay amplifying matrix is determined using
the eigenbeamforming (EB) vectors. Section IV shows the average
simulation MMSE, bit error rate, and sum rate results using the
proposed CSPDR. Finally, Section V concludes this paper.
Notation: Matrices, vectors, and scalars are denoted, respectively,
by uppercase boldface, lowercase boldface, and italic characters (e.g.,
A, a, and a). The inverse, transpose, trace, and Hermitian of A are
denoted, respectively, by A−1 , AT , tr(A), and AH . An N × N

Fig. 1. Two-way AF MIMO relay network under transmit power constraints
at sources and relays.

identity and diagonal matrix are denoted, respectively, by IN and
diag(a1 , . . . , aN ). Notations |a|, a, and AF denote the absolute
value of a for any scalar, 2-norm of a, and Frobenius norm of A,
respectively. The expectation and Hadamard product operators are
denoted by E[·] and , respectively. diag(D) is denoted by an N × 1
column vector d that consists of the diagonal elements of the N × N
diagonal matrix D. diag(d) is denoted by an N × N diagonal matrix
whose diagonal entries are elements of d.
II. S YSTEM M ODEL
Fig. 1 shows a block diagram of the proposed CSPDR that will be
studied under power constraints at two sources, i.e., S1 and S2 , and
the relays. During the first (or odd) time slot, S1 and S2 transmit,
respectively, their data d1 ∈ C1×1 and d2 ∈ C1×1 to the N relays
through their beamforming vectors a1 ∈ CM ×1 and a2 ∈ CM ×1 .
Each relay has a single-antenna element, and each source has M
number of antenna elements. During the second (or even) time slot,
the ith relay amplifies the received signal with the optimum AF relay
amplifying coefficient fi ∈ C1×1 and forwards it to both S1 and S2 ,
i = 1, . . . , N . Note that the AF relay amplifying matrix F is diagonal,
as are those in [2] and [3]. Then, S1 and S2 receive the AF signal with
their receive beamforming vectors b1 ∈ C1×M and b2 ∈ C1×M , respectively, and Si decodes dj from source Sj after subtracting its own
data di , i = j. This transmit-and-receive processing continues within
a quasi-static frame of L time slots, i.e., L  1. Let G1 ∈ CN ×M ,
G2 ∈ CN ×M , H1 ∈ CM ×N , and H2 ∈ CM ×N denote, respectively,
the complex channel coefficient matrices from S1 to N relays, from
S2 to N relays, from N relays to S1 , and from N relays to S2 . The
elements of all backward Gi and forward channels Hi are independent
and identically distributed (i.i.d.), zero-mean and unit-variance circular
complex Gaussian, and quasi-static Rayleigh fading. At the beginning
of every quasi-static Rayleigh frame, S1 , S2 , and the N relays transmit
their channel coefficient matrices (H1 , H2 ) and (G1 , G2 ) to the
CRAN within a time slot. Then, the CRAN computes the optimum
transmit-and-receive beamforming vectors (a1 , b1 ), (a2 , b2 ), and the
optimum relay amplifying coefficient fi , and forwards them, respectively, to S1 , S2 , and the ith relay, i = 1, . . . , N . This channel state
information (CSI) estimation may take a time slot interval and may
cause a slight throughput reduction by 1/L, but it is neglected in this
paper because L can be larger than 1 in practice.
This paper assumes that the AF relay network is synchronized by
a CRAN to whom the individual relay nodes report their received
signals and their local CSI. Then, the CRAN acquires and tracks
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the global synchronization. In addition, the CRAN computes the
optimum diagonal relay amplifying matrix and forwards the individual
amplifying coefficients to each relay.
The objective of this paper is to find the optimum transmit and
receive beamforming vectors (a1 , b1 ) and (a2 , b2 ), and optimum AF
relay amplifying coefficients fi , i = 1, . . . , N , under the two source
power constraints and the relay power constraint.
The receiver beamforming vectors b1 and b2 can be represented,
respectively, as b1 = γ1−1 b̂1 and b2 = γ2−1 b̂2 , where γ1−1 and γ2−1
are positive scaling factors that will be the same for all antennas at D1
and D2 , and b̂1 and b̂2 are normalized beamforming vectors satisfying
b̂1 2 = 1 and b̂2 2 = 1.
The transmitted symbol vectors s1 and s2 from S1 and S2 are
given, respectively, by s1 = a1 d1 and s2 = a2 d2 with E[|d1 |2 ] =
σd21 , E[|d2 |2 ] = σd22 , E[s1 2 ] = ps1 , and E[s2 2 ] = ps2 . The received signal vector r ∈ CN ×1 at the relay inputs can be written as r = G1 s1 + G2 s2 + vs , where vs ∈ CN ×1 is an additive
white Gaussian noise (AWGN) vector with zero-mean and covariance
matrix σv2s IN .
In the even time slot, the relays transmit their received signals to S1
and S2 after multiplying an N × N diagonal relay amplifying matrix
F. (Now, S1 and S2 are called by destinations D1 and D2 , respectively.)
Hence, the transmitted signal x ∈ CN ×1 at the relay outputs is given
by x = Fr with total transmitted power xH x = pr used by N relays.
Then, receive beamforming vectors b1 ∈ C1×M and b2 ∈ C1×M are
applied, respectively, as dˆ1 = b2 y2 and dˆ2 = b1 y1 .
The estimated data symbol dˆ1 and dˆ2 can be written, respectively, as
dˆ1 = b2 H2 FG1 s1 + b2 H2 Fvs + b2 z2
dˆ2 = b1 H1 FG2 s2 + b1 H1 Fvs + b1 z1

(1)

where z1 and z2 are AWGN vectors with zero-mean and covariance
matrices σz21 IM and σz22 IM , respectively. The self-interference is
canceled at each destination.
III. A MPLIFY- AND -F ORWARD B EAMFORMING S TRATEGIES
The sum of the MSE between d1 and dˆ1 and the MSE between d2
and dˆ2 will be minimized under the transmit power constraints at the
sources and relays. The cost function J(F, a1 , a2 , b1 , b2 ) is defined,
using the MMSE criterion [5], as
Δ









J(F, a1 , a2 , b1 , b2 ) = E |dˆ1 − d1 |2 + E |dˆ2 − d2 |2 .

J (F) = σd22 γ1−2 f



KT1  K̂2 f + σv2s γ1−2 f H (K̂2  IN )f

+ σd21 γ2−2 f

+



BT1  B̂2 f +σv2s γ2−2 f H (B̂2  IN )f

−1 H
−2
2
2
H
σd21 −σd21 γ2−1 b̂H
3 f −σd1 γ2 f b̂3 +σz2 γ2 b̂2 b̂2

imize J (F) under the transmit power constraints at the two sources
and the N relays, the Hamiltonian formulation [4] is written as
H
L (F, a1 , a2 , b1 , b2 , λs1 , λs2 , λr ) = J (F) +
1f − p
 λ2r (f W
r )
2
2
(4)
+ λs1 σd1 a1  − ps1 + λs2 σd2 a2 2 − ps2

where W1 = σd22 (K1  IN ) + σd21 (B1  IN ) + σv2s IN , under the
assumption that data symbols, channel coefficients, and noise are
independent of each other. Here, λs1 , λs2 , and λr are Lagrangian multipliers. For expositional convenience, let L(F, a1 , a2 , b1 , b2 , λs1 ,
λs2 , λr ) be simply denoted as L(F). Although L(F) in (4) is
not guaranteed to be jointly convex with respect to the variables
{F, a1 , a2 , b1 (or b̂1 , γ1 ), b2 (or b̂2 , γ2 )}, it is convex with respect
to each of the variables [6]. In addition, L(F) in (4) is also convex
over γ1 and γ2 [7]. Hence, alternating minimization procedures, where
variables are optimized with respect to one at a time while keeping all
others fixed, are applicable to obtaining a feasible local optimum [8]
(see Section V). Refer to Table I. The derivation is not simple. It is
summarized in Theorem 1 as follows.
Theorem 1: Using the constrained Lagrangian optimization L(F)
in (4), the optimal CSPDR solutions {f † , a†1 , a†2 , b†1 , b†2 , λ†s1 , λ†s2 ,
and λ†r } for the two-way cooperative AF MIMO distributed relay
network under the two-source power constraints and the relay power
constraint can be written, respectively, as
√
W3−1 w pr
(5)
f† = 
wH W3−H W1 W3−1 w
a†1 =
a†2 =
b†1 =
b†2 =
λ†s1 =

−1 H
−2
2
2
H
2
− σd22 γ1−1 k̂H
3 f −σd2 γ1 f k̂3 +σz1 γ1 b̂1 b̂1 +σd2


H

TABLE I
I TERATIVE A LGORITHM P ROCEDURE

(2)

The transmit power usage at the two sources and the N relays
can be expressed as ps1 = σd21 a1 2 , ps2 = σd22 a2 2 , and pr =
σd21 FG1 a1 2 + σd22 FG2 a2 2 + σv2s F2F . For notational convenience, the cost function J(F, a1 , a2 , b1 , b2 ) in (2) is henceforth
simply stated as J (F). Hence, J (F) in (2) can be written as


H

2135

(3)

H
H H
where K1 = G2 a2 aH
2 G2 , K̂2 = H1 b̂1 b̂1 H1 , K̂3 = G2 a2 b̂1 H1 ,
H
H
H H
),
B
=
G
a
a
G
k̂3 = diag(K̂H
1
1 1 1
3
1 , B̂2 = H2 b̂2 b̂2 H2 , B̂3 =
H
G1 a1 b̂2 H2 , and b̂3 = diag(B̂3 ). Here, tr(FAFH ) = f H (A 
IN )f , tr(FH BF) = f H (B  IN )f , tr(FH AFB) = f H (BT  A)f ,
tr(FAFH B) = f H (AT  B)f , tr(AH FH ) = f H a, and tr(FA) =
aH f are used with N × N matrices A and B and an N × 1 column
vector a. To determine the optimal F† , a†1 , a†2 , b†1 , and b†2 that min-

λ†s2 =
λ†r =

H
T−1
1 φ1
−1 H
1 + φ 1 T1 φ 1
H
T−1
2 φ2
−1 H
1 + φ 2 T2 φ 2
−1
ϕH
1 Z1
−1
1 + ϕH
1 Z1 ϕ1
−1
ϕH
2 Z2
H −1
1 + ϕ2 Z2 ϕ2
σv2 σz2 b2 2 H2 F2F
σv2s b2 H2 F2
+ s 2
p s1
p s1 p r
2
2
2
2
σv σz b1 2 H1 F2F
σvs b1 H1 F
+ s 1
p s2
p s2 p r
σz21 b1 2 + σz22 b2 2
pr

(6)
(7)
(8)
(9)
(10)
(11)
(12)

where w = σd22 k3 + σd21 b3 , k3 = diag(KH
3 ), K3 = G2 a2 b1 H1 ,
),
B
=
G
a
b
H
,
W
= W2 + (σz21 b1 2 +
b3 = diag(BH
3
1
1
2
2
3
3
−1
2
2
2
T
W2 = σd2 (K1  K2 ) + σv2s (K2  IN ) +
σz2 b2  )pr W1 ,
2
T
2
H
H H
σd1 (B1  B2 ) + σvs (B2  IN ), K2 = HH
1 b1 b1 H1 , B 2 = H2 b2
−2
−2
H
2
H
2
2
b2 H2 , Z1 = σvs σd2 H1 FF H1 + σz1 σd2 IM , Z2 = σvs σd−2
1

2136

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 64, NO. 5, MAY 2015

−2
2
H H
H2 FFH HH
2 + σz2 σd1 IM , T1 = λr G1 F FG1 + λs1 IM , T2 =
H H
λr G2 F FG2 + λs2 IM , φ1 = b2 H2 FG1 , φ2 = b1 H1 FG2 ,
ϕ1 = H1 FG2 a2 , and ϕ2 = H2 FG1 a1 . Here, using the vector form
amplifying matrix F† can
f † in (5), the corresponding optimal relay
√  H −H
−1
†
be written as F = (diag(W3 w) pr / w W3 W1 W3−1 w).
Proof: Refer to [9].

Using (8) and (9), the optimal scaling factors (γ1† )−1 and (γ2† )−1
can be obtained, respectively, as

 † −1
γ1

=

σd22
p̂y2



ϑ2
1 + ϑ2



 −1

and γ2†

H

=

σd21
p̂y1



ϑ1
1 + ϑ1


(13)

H

−1
where ϑ1 = φ̂1 T−1
1 φ̂1 > 0, and ϑ2 = φ̂2 T2 φ̂2 > 0.
Using (6) and the generalized Rayleigh quotient [10], the maximum
SNR1 at D1 and the maximum SNR2 at D2 over f are written,
respectively, as

Fig. 2. MMSE versus iteration index k showing the convergence of iterative
algorithm in Table I for M = 2 and N = 5, 10 with input SNR = 5, 10, and
15 dB.

σd22 |b1 H1 FG2 a2 |2
f H Φ1 f
=
max SNR1 = 2
f
σvs b1 H1 F2 + σz21 b1 2
f H Γ1 f









= eigmax Γ−1
1 Φ 1 = ψ1
σd21 |b2 H2 FG1 a1 |2
f H Φ2 f
=
max SNR2 = 2
f
σvs b2 H2 F2 + σz22 b2 2
f H Γ2 f
= eigmax Γ−1
2 Φ 2 = ψ2

(14)

(15)

2
2
T
where Γ1 = K2  IN + σz21 p−1
r b1  W1 , Φ1 = σd2 K1  K2 ,
2 −1
2
2
T
Γ2 = B2  IN + σz2 pr b2  W1 , and Φ2 = σd1 B1  B2 . Here,
−1
eigmax (Γ−1
1 Φ1 ) and eigmax (Γ2 Φ2 ) are the maximum eigenvalues
−1
−1
of Γ1 Φ1 and Γ2 Φ2 , respectively. Additionally, both Γ−1
1 Φ1 and
Γ−1
2 Φ2 have only one positive eigenvalue, which is the maximum
eigenvalue, because their ranks are 1, regardless of N and M . Using
(14) and (15), the sum of the achievable rate R of the two-way
AF MIMO beamforming distributed relay network under the transmit
power constraints at two sources and relays can be written as

1
1
log2 (1 + max SNR1 ) + log2 (1 + max SNR2 )
2
2
1
(16)
= log2 (1 + ψ1 + ψ2 + ψ1 ψ2 ).
2

R=

Using the optimal solutions of L(F), the J (F† ) in (12) can be
rewritten as



b†1
J (F† ) = σd22 1 − ϕH
1

H



+ σd21 1 − ϕH
b†2
2

σd22
σd21
=
+
.
1 + ψ1
1 + ψ2

H
(17)

(18)

If S1 and S2 have knowledge of backward and forward channels,
the EB can be employed at S1 and S2 (or D1 and D2 ), respectively, as
a1 = v1 , a2 = v2 , b1 = u1 , and b2 = u2



λ†r

=

σz21 + σz22



1

( 1 +  2 )H H 2
p2r

(22)

−1 H H
2
H
2
2
where H = σd21 QH
1 Q1 +σd2 Q2 Q2 +σvs IN ,  1 = (σd1 W4 Q1 d2 /
−1 H H
−1 H H
2
2
1+σd1 d2 Q1 W4 Q1 d2 ),  2 = (σd2 W5 Q2 d1 /1 + σd22 d1 Q2
H
2
H H
2
H H
W5−1 HH
2 d1 ), W4 = σd2 Q2 d1 d1 Q2 + W6 , W5 = σd1 Q1 d2
2
H
H
−1
2
2
d2 Q1 +W6 , and W6 = σvs (D1 D1 + D2 D2 )+pr (σz1 +σz2 )H.
Here, q1 = G1 v1 , q2 = G2 v2 , d1 = u1 H1 , d2 = u2 H2 , Q1 =
diag(q1 ), Q2 = diag(q2 ), D1 = diag(d1 ), and D2 = diag(d2 ) are
used. Moreover, using the vector form f † in (20), the corresponding
optimal relay amplifying matrix
F† with EB vectors can be written as
√ 
†
F = (diag( 1 +  2 ) pr / ( 1 +  2 )H H( 1 +  2 )).
Proof: Refer to [9].


IV. S IMULATION R ESULTS AND D ISCUSSIONS

Additionally, using (16) and (17), the MMSE cost function with the
unit power of the transmitted signals at S1 and S2 can be rewritten as
J (F) = 2−2R (2 + ψ1 + ψ2 ).

Theorem 2: Using (19), the explicitly optimal f † , the optimal
equalizer coefficient α† , and the optimal Lagrangian multiplier λ†r for
the two-way AF MIMO relay network under the relay transmit power
constraint with EB vectors can be written, respectively, as
1 + 2
√
pr
(20)
f† = 
H
( 1 +  2 ) H( 1 +  2 )
√
pr
α† = 
(21)
( 1 +  2 )H H( 1 +  2 )

(19)

where v1 and v2 are the right singular vectors corresponding to the
largest singular value of G1 and G2 , and u1 and u2 are the left
singular vectors corresponding to the largest singular value of H1 and
H2 , respectively. These may not be optimal as those in (6)–(9). The
EB vectors at S1 and S2 satisfy the power constraints at S1 and S2
because a singular vector is a unit norm vector.

The two sources employ quadrature phase-shift keying with unity
power. All complex backward and forward channel matrices G1 , G2 ,
H1 , and H2 are i.i.d. Gaussian random variables. They are invariant
during data transmission over a frame of 5 × 105 data symbols. Then,
they are newly generated over the next frame. The transmit power
constraints at the two sources and relays are set to ps1 = ps2 = 1
and pr = 1, respectively. Assume that all nodes have the same thermal
noise power, i.e., σv2s = σz21 = σz22 .
Fig. 2 numerically shows the convergence property of the proposed
iterative algorithm for the CSPDR with M = 2 source transmitter
antennas; an input SNR of 5, 10, and 15 dB; and a different number
of relays N = 5, 10. Observe that the algorithm converges within the
first ten iterations.
Fig. 3 shows the MMSE versus the number of relays N using the
optimal solutions in (5)–(9) and the optimal J (F† ) in (17) with the
input SNR = 3, 6, and 9 dB for two cases: case (1) for a fixed M = 4
case with N varying from 2 to 12 and case (2) for a fixed N = 4 case
with M varying from 2 to 12. Observe that when M > N , a smaller
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Fig. 3. MMSE versus number of relays N and number of source antennas M
using optimal solutions in (5)–(9) and optimal J (F† ) in (17). The input SNR
was 3, 6, and 9 dB, and two cases were considered: case (1) for a fixed M = 4
case with N varying from 2 to 12 and case (2) for a fixed N = 4 case with M
varying from 2 to 12.

Fig. 4. SER performance versus input SNR using different optimal relay
amplifying matrices in (5) and (20) for M = 2 and N = 3. Existing schemes
in [1]–[3] are also presented for M = 1, 2 and N = 3.

MMSE is observed than the case of N > M for a given SNR. This
implies that the effect of beamforming vectors at the sources becomes
more dominant than that of the relay amplifying matrix at the relay.
−1
Analytically, when M > N , eigmax (Γ−1
1 Φ1 ) and eigmax (Γ2 Φ2 )
(i.e., ψ1 and ψ2 ) are greater than those with M < N . As a result,
the smaller MMSE is observed when M < N . Observe also that the
optimal MMSE cost function (J (F† )) values are less than 2 at all
times, regardless of N and SNR, which can be proven with (17).
Finally, the crossing point in Fig. 3 is for the case of M = N , where
−1
eigmax (Γ−1
1 Φ1 ) and eigmax (Γ2 Φ2 ) are equal.
Fig. 4 shows the SER performance versus input SNR using the
optimal and simplified relay amplifying matrices in (5) and (20),
respectively, for M = 2 and N = 3. SER results for the existing
schemes in [1]–[3] are also presented for M = 1, 2 and N = 3 for
comparison. In addition, the reciprocal channels are used in Fig. 4,
as done in [1]. Observe in Fig. 4 that the proposed scheme in (14)
shows better performance (e.g., 0.5 dB better at SER = 10−6 ) than
that in [1] for a high SNR but worse for a low SNR. This difference
is due to the normalization issue, which will be explained in Fig. 5.
Additionally, observe that the proposed iterative optimal solution in
(5) shows about 2 dB better SER performance at SER = 10−3 than
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Fig. 5. SER performance and transmit relay power versus input SNR using
(5) and the existing scheme in [1] with/without normalization of relay transmit
power for M = 2 and N = 3.

the simplified EB vectors in (20). Furthermore, observe that even the
simplified SER performance in (20) shows better performance (e.g.,
4.5 dB at SER = 10−3 ) than the existing scheme in [2]. This is because
the solutions in [2] are nonoptimal. Furthermore, the proposed scheme
with M = 1 and N = 3 shows a slightly better performance (e.g.,
0.6 dB at SER = 10−3 ) than the existing scheme in [3] under the same
environment. This is because the transmit power is constrained at the
relay only in [3], whereas in this paper, both source and relay transmit
power is constrained. In summary, the optimal solutions in (5)–(9) of
this paper show the best SER performance among all schemes.
Remark 1: The scheme in [2] is close to that proposed in this
paper. The relay amplifying matrix was designed in [2] as follows:
First, the derivative of the cost function in [2, eq. (13)] was taken
with respect to a nondiagonal relay amplifying matrix. Then, after
obtaining the nondiagonal relay amplifying matrix solution, only its
diagonal elements were used in [2, eq. (17)]. On the other hand,
in this paper, a diagonal relay amplifying matrix is assumed first
in (3) before the optimization, due to the relays’ dispersed location,
and then, the MMSE criterion (or Karush–Kuhn–Tucker) is applied
using the property of the Hadamard product. Then, a derivative is
taken with respect to a diagonal relay amplifying matrix. Due to this
difference, the SER performance with the proposed optimal diagonal
relay amplifying matrix outperforms the existing scheme in [2] as
shown in Fig. 4, e.g., 6.5 dB gain at SER = 10−3 . Additionally, in
Fig. 4, the proposed two-way AF SISO wireless relay system (i.e.,
M = 1) is compared with the existing scheme in [3]. For example,
observe that 0.6 dB at SER = 10−3 is better than that in [3].
Remark 2: The two-way relay network system model in this paper
is different from that used in [1] from three perspectives. The first
difference is that this paper aims to find the three optimum parameters iteratively: 1) optimum relay amplifying matrix F; 2) optimum
transmit beamforming vector ai (ui in [1]); and 3) optimum receive
beamforming vector bj (vj in [1], i = j). On the other hand, Arti et al.
in [1] found ai and bj but not F. The second difference is that
the MMSE criterion was employed in the proposed model, whereas
the maximum ratio transmission principle in [1, Ref. [7]] and the
principle eigenvector of the eigenvalue were employed in [1]. For a
fair comparison, in Fig. 4, we generate the same transmit beamforming
vector ai and receive beamforming vector bj using the maximum ratio
transmission principle and the principle eigenvector of the eigenvalue,
respectively, with [1, eqs. (4) and (6)]. Moreover, we employ F = I,
which is an identity matrix, to simulate the unit-gain relay amplifying
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in this paper can be applicable in a future relay network with relays of
CRAN to improve spectral efficiency.
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Compressive Soft Forwarding in Network-Coded
Multiple-Access Relay Channels
Yiwen Li, Jun Li, Member, IEEE, Zihuai Lin, Senior Member, IEEE,
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Abstract—In this paper, we design a novel estimate-and-forward (EF)
protocol in multiple-access relay channels (MARCs) where two correlated
sources transmit their information to the common destination with the
help of a relay. With the application of network coding (NC) at the relay,
the network-coded soft symbols contain redundant information due to
the correlated sources, which can be compressed before being forwarded.
Specifically, we first derive the value of the network-coded soft symbol by
considering the correlation of the two sources. Due to this correlation,
the majority of soft symbol values are close to one. Then, we convert
network-coded soft symbol vector into a sparse vector, which is suitable for
compression by using the compressive sensing (CS). Next, we analyze the
performance of the proposed EF protocol by comparing the soft symbol
value and received signal-to-noise ratio (SNR) with the conventional EF
protocol. Simulations show that our protocol can achieve the same bit error
rate (BER) as the conventional EF protocol with proper compression rates,
and it consumes much less transmission time due to the compression.
Index Terms—Compressive sensing, correlated sources, multiple access,
network coding, soft forwarding.

V. C ONCLUSION
This paper has presented an MMSE-based optimum relay amplifying matrix for the single-antenna multiple dispersed relays and optimum transmit/receive beamforming vectors for the multiple-antenna
sources explicitly and iteratively in the two-way AF MIMO relay
network under transmit power constraints at the two sources and
relays. This paper also presented a simplified relay amplifying matrix
with EB vectors. It was observed that both the proposed optimum
and simplified schemes show significantly better performance than the
existing schemes in [1]–[3] under the same environments. Finally, the
MMSE cost function values are less than 2 at all times, regardless of
the number of relays. The two-way AF wireless relay system proposed
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