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Abstract—This paper considers cognitive multiuser two-way relay
networks (MU-TRNs) where multiple secondary users (SUs) concurrently
exchange their data with other SUs with an aid of a two-way relay in
licensed primary networks. In this paper, we particularly focus on linear
relay filter designs that effectively minimize the mean square error of
SUs while providing a certain level of quality of service for the primary
network. To this end, we first propose an iterative algorithm that identifies a solution based on an alternating optimization technique. Then, a
closed-form relay filter design is presented, which employs a high signalto-noise ratio approximation to reduce the computational complexity.
Through the simulation results, we confirm that the proposed closed-form
relay filter design outperforms conventional approaches and provides the
performance close to the proposed iterative algorithm with much reduced
complexity.
Index Terms—Cognitive radio, convex optimization, two-way relay.

I. I NTRODUCTION
Recently, technologies for cognitive radio (CR) have been studied as
a promising and cost-effective solution for efficient spectrum utilization in wireless communication systems [1], [2]. The key idea of the
CR is to allow an unlicensed secondary user (SU) to opportunistically
or concurrently utilize the frequency band allocated to the licensed
primary network. For CR systems, the major challenge is to ensure
quality of service of the primary network while maximizing the
utility functions of SUs. To efficiently handle this issue, multipleantenna transmission [2]–[4] is employed to improve performance and
reliability for the CR systems. Meanwhile, two-way relay networks
[5]–[9] have been widely studied and considered a good candidate
for the next-generation communication system since they can provide
better spectral efficiency compared with one-way relaying schemes. In
the two-way relay networks, each source node exchanges its message
with an aid of a relay in two orthogonal channel uses. Regarding
the forwarding strategy, there are two well-known protocols, namely
decode-and-forward (DF) and amplify-and-forward (AF) protocols
[10]. Compared with the DF relaying system that applies the decoding
process at the relay, the AF relay is more suitable for practical relaying
systems due to its simple implementation. For this reason, we focus on
the AF relay protocol in this paper.
Combining the two-way AF relay and the CR can provide a promising solution that improves spectrum utilization [11]–[13]. In [11],
power control and relay filter designs were introduced to maximize
the sum rate of the cognitive two-way relay systems, and in [12], the

Fig. 1.

Schematic of cognitive MU-TRN.

optimal relay selection and power control algorithm was proposed for
cognitive multipair two-way relay networks. For cognitive multiuser
multiway relay systems, in [13], the MSE-based source–relay joint
designs were introduced.
In this paper, we consider cognitive multiuser two-way relay networks (MU-TRNs) where multiple SUs exchange their data in an
arbitrary unicast manner. Here, each SU sends its data to another user
and could receive data from a different SU with the help of a two-way
AF relay. Note that the arbitrary unicast has interesting features since
any traffic patterns such as unicast, multicast, and broadcast can be
realized by scheduling a sequence of unicast flows [14], and thereby, it
can be widely employed to various wireless communication systems.
For this cognitive MU-TRN, we first propose an iterative relay filter
design that minimizes the sum MSE using an alternating optimization
method [15]. Since an iterative algorithm requires high computation
complexity, we also present a closed-form relay filter design utilizing
a high SNR approximation. Through simulation results, it is confirmed
that the closed-from design outperforms the conventional approaches
and provides almost identical performance to the iterative scheme with
much reduced complexity.
The following notations are used throughout this paper. We employ
uppercase boldface letters for matrices, lowercase boldface for vectors,
and normal letters for scalar quantities. Conjugate, transpose, and
conjugate transpose of a matrix or a vector are represented by (·)∗ ,
(·)T , and (·)H , respectively. Id indicates an identity matrix of size d,
E[·] accounts for expectation,  ·  denotes the Euclidean two-norm
of a vector, and | · | represents the absolute value. In addition, Tr(A)
equals the trace of a matrix A, and diag{a} indicates a diagonal
matrix whose diagonal elements consist of a vector a.
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Here, we present a general description of a cognitive MU-TRN. As
shown in Fig. 1, K SUs equipped with a single antenna communicate
with each other with an aid of a single relay equipped with NR
antennas. In this cognitive MU-TRN, the unlicensed secondary network concurrently operates in the same spectrum band of the licensed
primary network with a single antenna, i.e., we consider the underlay
cognitive system [1]; thus, it may cause interference to the primary
network.
Assuming narrow-band flat fading, the channel vectors from the
kth SU Sk (k = 1, 2, . . . , K) to the relay and from the relay to Sk
are represented by hkR ∈ CNR ×1 and gRk ∈ CNR ×1 , respectively.
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Moreover, let us denote hk0 ∈ C1 and g0k ∈ C1 as the scalar channel
coefficients from Sk to the primary receiver and from the primary
transmitter to Sk , respectively, and h0R ∈ CNR ×1 and gR0 ∈ CNR ×1
as the channel vectors from the primary transmitter to the relay and
from the relay to the primary receiver, respectively. We focus on the
pure unicast case where each SU transmits the data to its corresponding
one user only, and it is assumed that direct link among SUs is ignored
as in [14].
Since the relay is assumed to operate in the half-duplex mode, the
information exchange among all SUs occurs in two orthogonal phases.
As shown in Fig. 1, in the multiple access control (MAC) phase, all
Sk ’s transmit independent data signal xk for k = 1, 2, . . . , K to the
relay. In this case, the transmit power Pk at Sk should satisfy the
following power constraints as
K


E|xk |2 = Pk ≤ Pmax ,

|hk0 |2 Pk ≤ η

Pmax , 

η
2
|h
k0 |
k

III. P ROPOSED I TERATIVE R ELAY F ILTER D ESIGN
In this section, we present an iterative relay filter design for
the cognitive MU-TRN. To this end, we first establish the minimum MSE (MMSE) problem considering SIC, and then based on
Karush–Khun–Tucker (KKT) conditions of the formulated problem
and the alternating optimization, we propose a relay filter design.
A. Problem Formulation
Δ

By defining the stacked received signal vector of (5) as yS =
[y1 , y2 , . . . , yK ]T and employing a receive combining matrix C, the
postprocessing signal vector ŷ can be given as
ŷ = CyS

where we define Pmax and η as the maximum transmit power at
the SUs and the allowed interference power at the primary network,
respectively.
Since this paper concerns the relay filter design, the following power
control algorithm for SUs is employed throughout this paper:



by self-interference cancelation (SIC) from the received signal, i.e.,
T
yk − gRk
QhkR xk [7], [16].

(1)

k=1

Pk = min
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, for k = 1, 2, . . . , K.

(2)

Then, the received signal at the relay can be expressed as
yR = Hx + h0R x01 + nR

(3)

= CGQHx + CGQh0R x01 + CGQnR
+ Cg0 x02 + CnS

where G = [gR1 , gR2 , . . . , gRK ]T , g0 = [g01 , g02 , . . . , g0K ]T ,
nS = [n1 , n2 , . . . , nK ]T , C = diag{c1 , c2 , . . . , cK }, and ck denotes
the scalar combining coefficient for Sk for k = 1, 2, . . . , K. Then, the
sum MSE is written as Eγ −1 ŷ − Fx2 where γ is a scaling factor.
In the case where SIC is allowed, the goal is to minimize the
difference between the estimated signal ŷk and yk after performing
the SIC. Then, denoting uk as a scalar value corresponding to the SIC
at Sk , the MSE metric can be slightly modified as

Δ

where we have H = [h1R h2R · · · hKR ] ∈ CNR ×K and x = [x1 , x2 ,
. . . , xK ]T , and x01 denotes the transmit data signal from the primary transmitter with E|x01 |2 = P0 at the MAC phase, and nR ∼
CN (0, INR ) represents the additive complex Gaussian noise vector at
the relay.
During the broadcast (BC) phase, the received signal yR at the
relay is multiplied by the linear relay filter Q ∈ CNR ×NR and retransmitted to SUs. We define covariance matrices RyR , Rn , and Rx
as RyR = HRx HH + Rn , Rn = P0 h0R hH
0R + INR , and Rx =
diag{P1 , P2 , . . . , PK }, respectively. Then, similar to the MAC phase,
the relay filter Q needs to satisfy the following power constraints:
Tr(QRyR QH ) ≤ PR ,





T
∗
Tr gR0
QRyR QH gR0
≤ η.

(4)

Let us define F as a permutation matrix to represent the traffic
flow
 pattern among SUs as in [14]. For instance, when K = 2, F =
0 1
. Then, the received signal yk at Sk can be expressed as
1 0
T
yk = gRk
QyR + g0k x02 + nk
T
T
T
= gRk
QHx + gRk
Qh0R x0 + gRk
QnR + g0k x02 + nk
T
= gRk
Qhk̄R xk̄ +



T
T
gRk
QhiR xi + gRk
Qh0R x0

(6)

MSEΣ = E

1
ŷ − (U + F)x
γ

2

(7)

where U represents the matrix corresponding to the SIC operation
as U = diag{u1 , u2 , . . . , uK }. Note that, with the perfect SIC, uk
T
equals gRk
QhkR xk .
Under relay power constraints in (4) and by employing the sum
MSE expression in (7), the problem of minimizing the sum MSE can
be constructed as
min MSEΣ

γ,Q,C,U

subject to





Tr QRyR QH ≤ PR





T
∗
Tr gR0
QRyR QH gR0
≤η

C, U ∈ DK

(8)

where DK denotes the set of K × K diagonal matrices. Note that,
to effectively support K users and satisfy the interference constraint at
the primary network, we focus on the system with NR ≥ K + 1. Since
(8) is not jointly convex with respect to γ, Q, C, and U, it is hard to
identify a solution analytically. To solve this issue, we first propose an
iterative optimization method in the following.

i=k̄
T
+ gRk
QnR + g0k x02 + nk

(5)

where x02 denotes the transmit data signal from the primary transmitter with E|x02 |2 = P0 at the BC phase, k̄ indicates the index of
the SU that transmits the desired signal for Sk , and nk represents the
independent complex Gaussian noise at Sk with zero mean and unit
variance. Note that the first and second terms in (5) account for the
desired signal and interuser interference, respectively. If Sk knows
T
QhkR perfectly, a considerable performance gain is achieved
gRk

B. Iterative Optimization Algorithm
Here, we propose an alternating optimization method that finds a
solution iteratively. First, we compute the optimal γ and Q for given
C and U. Then, the problem (8) becomes
min MSEΣ
γ,Q

subject to





Tr QRyR QH ≤ PR





T
∗
Tr gR0
QRyR QH gR0
≤ η.

(9)
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To efficiently solve (9), we construct the Lagrangian function
given as
1
CRyS CH + (U + F)Rx (U + F)H
γ2

L = Tr

1
1
CΨ(U + F)H − (U + F)ΨH CH
γ
γ

− Tr







+ λ1 Tr QRyR QH − PR
+ λ2 Tr






T
∗
gR0
QRyR QH gR0
−η



(10)

where RyS = GQRyR QH GH + P0 g0 g0H + IK , Ψ = GQHRx ,
and λi (i = 1, 2) represents the Lagrangian multiplier. Note that the
first term in (10) is obtained from the average operation of transmit
signal and noise power. Then, the optimal γ and Q defined as γ̂ and Q̂
are determined as follows.
Lemma 1: For given C and U, the optimal relay filter Q̂ and the
scaling factor γ̂ are expressed, respectively, as

Q̂ = γ̂ Q̄

PR


Tr Q̄RyR Q̄H

γ̂ =

(11)

Δ

∗
T
gR0
+ (Ω − μη/PR )INR )−1 ×
Q̄ = (GH CH CG + μgR0

where

Fig. 2. Convergence trend for the cognitive MU-TRN with a sample channel
realization, NR = 4, K = 3, and PR = P0 = η = 10 dB.

The overall algorithm is summarized as follows.

1) Initialize U and C with arbitrary diagonal matrices.
Main Loop
2) Compute Q and γ using (11).
3) Compute U and C using (14).
4) Go back to step 2 until convergence.

Δ

H
H H
GH CH (U+ F)Rx HH R−1
yR , Ω = P0 Tr(Cg0 g0 C )+Tr(CC ),
Δ

and μ = γ 2 λ2 .
Proof: See Appendix.

Δ
∗
T
gR0
+
Note that, by defining Q̄= BL, where B=(GHCHCG+μgR0
(Ω−μη/PR )INR )−1 GH CH and L = (U+F)Rx HH R−1
yR , γ̂B and
L follow the conventional transmit and receive Wiener filter structures,
respectively [17]–[19]. Moreover, if the SIC is not allowed, we can
obtain a solution for the sum MSE minimization problem by simply
setting U = 0.
Next, we derive the optimal C and U for given γ and Q. With
the given γ and Q, the original problem (8) is transformed to an
unconstrained problem as
min MSEΣ .

(12)

C,U

Due to the diagonal structure of C, U, and Rx , MSEΣ can be
equivalently rewritten as
H

and

c = R̃yS −

H
Ψ̃R−1
x Ψ̃

(13)

Δ

Δ

and Ωc = P0 Tr(g0 g0H ) + K.
To efficiently derive the SIC matrix Uc , we modify the sum MSE
by plugging Qc and C = IK as (16) in the following:



MSEΣ =Tr (Uc + F)Rx (Uc + F)H

(14)



− (Uc +F)R̃yR(U+F)HG GHG+Rg



−1

GH



+ Tr (Uc + F)R̃yR (Uc + F)H

− (Uc + F)R̃yR (Uc + F)H



=Tr (Uc + F)

−1
s.

(15)

∗
T
where γc= PR/Tr(Q̄c RyRQ̄H
c ), Rg = μgR0 gR0+(Ωc −μη/PR )INR ,

where u = [u1 , u2 , . . . , uK ]T , c = [c1 , c2 , . . . , cK ]T , s is a column
vector whose elements consist of the diagonal elements of γ −1 FΨ,
and Ψ̃ and R̃yS are diagonal matrices with the diagonal elements of
γ −1 ΨH and γ −2 RyS , respectively. When computing (13), we utilize
the fact that FFH = IK and Tr(URx FH ) = 0. Then, employing two
zero-gradient conditions (∂MSEΣ /∂u∗) = 0 and (∂MSEΣ /∂c∗) = 0,
we obtain the solution as
u=

Qc = γc Q̄c



− cH Ψ̃u − uH Ψ̃ c + cH R̃yS c



Although the proposed iterative relay filter design given earlier
provides good performance, as will be shown later, it requires high
computational complexity. To alleviate this issue, here, we also propose a closed-form relay filter design. In the closed-form design, we
assume the receive combining filter as an identity matrix, i.e., C = IK ,
to avoid an iterative process. Then, for a given SIC matrix of a closedform design Uc , the closed-form relay filter Qc can be similarly
computed from Lemma 1 as

H

H

H
R−1
x Ψ̃ c

IV. C LOSED -F ORM R ELAY F ILTER D ESIGN

= γc (GH G + Rg )−1 GH (Uc + F)Rx HH R−1
yR

MSEΣ = Tr(Rx ) + u Rx u − c s − s c
H

It is worthwhile to note that our proposed algorithm guarantees
convergence to a local minimum solution since the sum MSE is lower
bounded by zero and decreases monotonically in each step of the
algorithm as in [14] and [15]. Fig. 2 shows the convergence trend of
the proposed iterative scheme with a sample channel realization.



R−1
x

+H

H



−1
R−1
n H

+ (Uc +F)R̃yR(Uc +F)



H

(16)
(Uc + F)

H
IK +GR−1
g G

H

−1

(17)
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TABLE I
C OMPUTATIONAL C OMPLEXITY C OMPARISON B ETWEEN THE
P ROPOSED A LGORITHMS

Δ

where R̃yR is defined by R̃yR = Rx HH R−1
yR HRx , (16) follows
from (26), and (17) is computed by invoking the matrix inversion
lemma [20].
Using matrix inversion lemma again and applying a high SNR
approximation, R̃yR can be approximated as Rx since R̃yR =
−1 H −1
H −1
H Rn HRx ≈ Rx . Then, denoting Υ and
(R−1
x + H Rn H)
−1/2

Δ

−1/2

Δ

H −1
−1
Rx
and Φ = (IK +
Φ as Υ = Rx (R−1
x + H Rn H)
H −1
G
)
,
respectively,
the
approximated
sum MSE can be
GR−1
g
expressed as



1/2
H
MSEΣ = Tr (Uc + F)R1/2
x ΥRx (Uc + F)



+ (Uc + F)Rx (Uc + F)H Φ . (18)

Fig. 3. Average sum MSE performance of SUs with respect to Pmax .

Employing the fact that Uc and Rx are diagonal matrices, (18) is
equivalently expressed as
MSEΣ = ũH (Υ̃ + Φ̃)ũ + ũH s̃ + s̃H ũ + Tr(Rx FH ΦF + Rx Υ)
(19)
where ũ and s̃ are column vectors that consist of diagonal elements
1/2
+ FR1/2
of Uc Rx and ΥFR1/2
x
x Φ, respectively, and Υ̃ and Φ̃
indicate diagonal matrices with the diagonal elements of Υ and Φ,
respectively.
Then, by taking a derivative with respect to ũ and setting it to zero,
we simply obtain the optimal ũ, which minimizes MSEΣ as
ũ = (Υ̃ + Φ̃)−1 s̃.

(20)

Finally, we have the SIC matrix Uc for a closed-form design as





ũ .
Uc = diag R−1/2
x

(21)

By plugging the obtained SIC matrix in (21) back to (15), the relay
filter Qc can be computed in closed form.
Table I lists the computational complexity between the proposed
algorithms where J represents the number of iterations for reaching the
stationary point of the iterative algorithm. The major complexity of the
proposed schemes results from the calculation of the inverse operation1
and the bisection method, which is denoted by δ and δc for iterative
and closed-form designs, respectively. From the intensive Monte Carlo
simulations, we have checked that the iterative scheme requires at
least ten iterations (J = 10), as shown in Fig. 2. As a result, the
computational complexity of the closed-form design is significantly
reduced compared with the iterative algorithm.
V. S IMULATION R ESULTS
Here, we present numerical results to confirm the effectiveness of
the proposed algorithms by running 10 000 Monte Carlo simulations
using the MATLAB software. In our simulation, all channel elements
are set to be independent complex Gaussian random variables with
zero mean and unit variance, i.e., Rayleigh fading is assumed. It is
1 For a complex matrix A ∈ CN ×N , the number of multiplications for
computing A−1 is O(N 3 ) [20]. In addition, O(N ) is required for the case
of the diagonal matrix.

Fig. 4. Average sum MSE performance of SUs with respect to Pmax .

assumed that perfect SIC is applied at each Sk . We compare our
proposed scheme with the following schemes.
• Naive AF: Only the power normalization operation
is performed with Q =γnaive INR where γnaive =

T
∗
min g{ PR/Tr(QRyR QH ), η/Tr(gR0
QRyR QH gR0
)}.
• Maximum ratio transmission (MRT) [11]: Relay filters are obtained to conduct orthogonal projection to the primary network
and MRT for the SUs.
• Zero Forcing (ZF) [11]: Relay filters are computed to apply orthogonal projection to the primary network and ZF beamforming
for the SUs.
Figs. 3 and 4 compare the sum MSE performance of our schemes
with various relay filter designs with K = 2 and K = 3, respectively,
as a function of Pmax . Note that since we assume the noise variance is
one, Pmax can be considered the transmit SNR at SUs. In thesesimula0 1
tion, the permutation matrices F for K = 2, 3 are set to F2 =
1 0


0 0 1
and F3 = g 1 0 0 , respectively. We assume that the Wiener
0 1 0
filter [17] is employed at each SU. From these plot, we first see that
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Fig. 5. Average sum rate performance of SUs with respect to η.

Fig. 6. Average sum rate performance of SUs with respect to SNR for the
MU-TRN with imperfect CSI.

the proposed iterative filter design outperforms other schemes, and the
closed-form design provides almost identical sum MSE performance
to the iterative filter design with much reduced complexity. Although
the perfect SIC is applied, there still exists interuser interference at
each Sk when K ≥ 3. Therefore, the ZF-based scheme yields better
performance than the MRT-based scheme as SNR increases.
In Fig. 5, we present the sum-rate performance with K = 4 as
a function
of η. In this case, we set the permutation matrix as

F 2 02
. First, the sum rate RΣ is defined as RΣ = (1/2)
F=
02 F 2

K

A PPENDIX
Proof of Lemma 1: Using (10), the KKT conditions [21] for
problem (9) are written as

λ1 ≥ 0,
λ2 ≥ 0,

Δ

T
gRk
Q2

T
P0 (|gRk
Qh0R |2

+
+
+ |g0k | ) + 1, and
the pre-log factor 1/2 is introduced due to the half-duplex protocol.
T
QhkR |2 Pk is additionally subtracted
With the SIC operation, |gRk
from Γk . In the plot, a similar trend is observed that the closedform design provides the sum rate performance close to the iterative
scheme and outperforms conventional schemes. Moreover, we can
see that the sum rate increases as η grows due to the increased
allowable power at each SU in (2). Comparing ZF and the proposed
MMSE schemes, we confirm that managing both interuser and primary
network interference is an important issue to improve the performance
for the cognitive MU-TRN.
Fig. 6 compares the sum rate performance with our proposed
scheme as a function of Pmax for the MU-TRN with imperfect
CSI. For the simulation, we assume that the estimated channel ĥ is
related to the true channel h as ĥ = h + e where the elements of e
are independent and identically distributed (i.i.d.) complex Gaussian
random variables with zero mean and variance σe2 as in [15]. It is
confirmed from this plot that the performance drastically deteriorates
as σe2 grows. It would be an interesting future work to analyze the
performance and its robust design under imperfect CSI scenario.

In this paper, we have proposed linear relay filter designs that
minimize the MSE of SUs for the cognitive MU-TRN. Through the
simulation results, we have confirmed that the proposed closed-form
relay filter design outperforms conventional approaches and provides
the performance close to the proposed iterative algorithm with much
reduced complexity.



Tr gR0 QRyR Q

λ2 Tr

2

VI. C ONCLUSION

 
 T

(22)



λ1 Tr QRyR QH − PR = 0

T
T
log2 (1+(|gRk
Qhk̄R |2Pk̄ /Γk )) where Γk = gRk
QHR1/2 2 −
k=1

T
Qhk̄R |2 Pk̄
|gRk

∂L
∂L
=0
=0
∂Q∗
∂γ


Tr QRyR QH − PR ≤ 0



H

∗
gR0

T
∗
gR0
QRyR QH gR0





− η ≤0



− η = 0.

From the two conditions in (22), we have



∗
T
Q̂ = γ GH CH CG + μ1 INR + μ2 gR0
gR0

× GH CH (U + F)Rx HH R−1
yR ,

 

H

H

Tr C GQRyR Q G +



P0 g0 g0H

(23)



−1

+ IK C

= γ̂Tr (U + F)Rx HH QH GH CH

(24)

H

(25)





(26)

where Tr((U+F)Rx HH QH GH CH ) = Tr(CGQHRx (U+F)H ),
Δ

and the constant values μ1 and μ2 are defined as μ1 = γ 2 λ1 and
Δ
μ2 = γ 2 λ2 , respectively, to avoid interconnected variables as in [2]
and [17].
Then, by plugging (25) to (26), the right-hand side of (26) can be
equivalently given as



γ̂Tr (U + F)Rx HH Q̂H GH CH





= Tr γ̂GH CH (U + F)Rx HH Q̂H
= Tr








∗
T
GH CH CG + μ1 INR + μ2 gR0
gR0
Q̂RyR Q̂H . (27)

By combining (26) and (27), and by exploiting KKT conditions in (23)
and (24), it follows that





Ω = P0 Tr Cg0 g0H CH + Tr(CCH )







T
∗
= μ1 Tr Q̂RyR Q̂H + μ2 Tr gR0
Q̂RyR Q̂H gR0

= μ1 PR + μ2 η.


(28)

Rearranging (28) with respect to μ1 , i.e., μ1 = (Ω − μ2 η/PR ), the
optimal relay filter can be calculated as in (11) by defining μ as the
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optimal μ2 . Since μ1 , μ2 ≥ 0, μ should be a positive value 0 ≤ μ ≤
(Ω/η).
Now, the remaining work is to find γ̂. By substituting Q̂ into
two power constraints in (9), we obtain γ̂ 2 ≥ (PR /Tr(Q̂RyR Q̂H ))
Δ

T
∗
)). Let us define f (μ) =
and γ̂ 2 ≥ (η/Tr(gR0
Q̂RyR Q̂H gR0
∗
T
gR0
− ηINR )Q̂(μ)RyR Q̂(μ)H ). Then, if f (μ) ≤ 0, γ̂
Tr((PR gR0
becomes γ̂ 2 = (PR /Tr(Q̂RyR Q̂H )) to satisfy both power constraints. In this case, according to (24), μ should be set to zero when
f (0) < 0 or a nonzero value computed from the bisection method over
0 < μ ≤ (Ω/η) if f (μ) = 0. For f (μ) > 0, μ1 equals 0 due to the
KKT conditions in (23), and then it follows μ = (Ω/η). However, for
T
Q̂(Ω/η)) is equal to 0 since B in Q̂ acts like a
NR ≥ K + 1, Tr(gR0
ZF transmit filter. Then, we have f (Ω/η) < 0, which contradicts the
assumption of f (μ) > 0. Forthis reason, we only consider the case
f (μ) ≤ 0 and thereby γ̂ = PR /Tr(Q̄RyR Q̄H ). This completes
the proof.
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Abstract—This paper investigates distributed beamforming (DBF) designs for two-way relay networks (TWRNs), where two terminal nodes
exchange information through a set of amplify-and-forward (AF) relays.
We assume individual relay power constraints and study two important
design problems, namely, the max–min fairness (MMF) problem and
the weighted sum-rate maximization (WSRM) problem. For the MMF
problem, unlike the existing works that usually solve the problem by a
bisection method, we propose an efficient optimal solution by solving one
convex second-order cone program (SOCP) only. For the WSRM problem,
we develop an efficient iterative algorithm based on SOCP reformulation
and the successive convex approximation (SCA) technique. For both the
MMF and WSRM designs, we further propose a distributed implementation framework where each of the relays can independently compute its
beamforming weight using its local channel state information (CSI) and
some common parameters broadcasted by a control center. Simulation
results are presented to demonstrate the performance advantages of the
proposed solutions.
Index Terms—Distributed beamforming (DBF), max–min fairness
(MMF), two-way relaying, weighted sum-rate maximization (WSRM).

I. I NTRODUCTION
Two-way relay networks (TWRNs) have received much attention
in recent years owing to their capability of supporting two-way communication with improved spectral efficiency [1]. In particular, the
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