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Abstract—This paper studies an underlay cognitive network
consisting of a two-way amplify-and-forward (AF) relay and
two multi-antenna terminals (SU; and SU:). Despite enhanced
spectral efficiency and spectrum utilization, the underlay network
is limited by low power transmissions and short coverage owing
to secondary-to-primary (S2P) and primary-to-secondary (P2S)
interference. To alleviate these, we consider beamforming at
SU; and SU:. However, concurrent bidirectional transmissions
with the two-way relay complicates beamforming and power
allocation. Nevertheless, we use the performance criterion of
maximizing the worse received signal-to-interference-and-noise
ratio (SINR) at SU; and SUs. The resulting maximization prob-
lem for the optimal beamforming vectors and power allocation
is a non-convex quadratically constraint quadratic program
(QCQP), which is NP-hard. Thus we develop an iterative bi-
section search, but determining its feasibility at each iteration
is still a non-convex NP-hard QCQP. We thus generate two
equivalent interference minimization problems, which we solve by
semidefinite relaxation (SDR). Simulation results show that our
proposed optimal design improves SINR by as much as 20 dB. We
also propose sub-optimal maximal-ratio-transmission (MRT) and
zero-forcing beamforming and maximal-ratio-transmission (ZFB-
MRT), and develop their optimal power allocations. Importantly,
the performance loss due to these sub-optimal strategies is modest
(e.g. as low as 1 dB for ZFB-MRT with optimal power allocation).

Index Terms—amplify-and-forward relaying, cognitive ra-
dio, beamforming, maximal-ratio-transmission, zero-forcing-and-
maximal-ratio-transmission, power allocation, SINR balancing,
two-way relay, underlay

I. INTRODUCTION

The global mobile data traffic has been dramatically in-
creasing since 2013 [1], which is expected to continue. For
instance, a 10-fold increase over the 2013 traffic level is
expected by 2018 [2]. Thus, the limited wireless spectrum
is a critical bottleneck. Cognitive radio helps to address this
problem by promoting the efficient use of spectrum. For in-
stance, secondary users in underlay cognitive networks [3] are
allowed to transmit provided the interference on the primary
receivers (PRs) is below a predefined threshold (interference
temperature limit) [4]. Therefore, such networks can reuse
not only vacant radio bands, but also currently allocated
radio bands. Thus, the underlay paradigm has the potential
to mitigate both spectrum congestion and under-utilization.
However, both primary-to-secondary (P2S) and secondary-to-
primary (S2P) interference signals limit the achievable signal-
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to-interference-and-noise ratio (SINR). This means underlay
nodes must

1) Reduce their transmit powers to comply with the S2P
interference constraint,

2) Receive P2S interference, which in turn reduces the
capacity of the secondary network.

In such a scenario, beamforming and relaying, used in the
multiple-input multiple-output (MIMO) based 4G networks
[5], [6] and also being investigated for the 5G wireless
networks [7], [8], can be employed to improve the achievable
SINR or data rate. Thus, underlay beamforming strategies
have recently been studied extensively [9]-[32]. These studies
consider both one-way and two-way relays.

For instance, [24]-[31] use amplify-and-forward (AF) re-
laying due to its advantages of low complexity and short
delay [33]. Beamforming at the multiple antenna secondary
base station and a one-way relay has been studied to maxi-
mize the data rate [24]. With perfect channel state informa-
tion (CSI), distributed beamforming via multiple cooperative
single-antenna AF relay nodes was investigated in [25]-[29].
Of these, [25]-[28] maximized the received SNR or minimized
the interference at the primary receivers for one-way relays
and [29] considered two-way relays. However, since full CSI
may require too much overhead, [30] assumed the second-
order channel statistics, and derived joint distributed beam-
forming and power allocation algorithms for two-way relays
to maximize the worse SINR. A sub-optimal beamforming,
maximal-ratio-transmission (MRT), for an underlay multi-
antenna transmitter-receiver pair and a single-antenna relay
node was studied [31], while the outage probability of zero-
forcing beamforming and maximal-ratio-transmission (ZFB-
MRT) for an underlay multi-antenna terminals and a single-
antenna fixed-gain relay was analyzed in [32]. Except for [30]
and [32], all these studies neglected the P2S interference.

In this paper, we consider an underlay network of a multi-
antenna terminal pair (SU; and SUs) and a single-antenna
half-duplex two-way AF relay (R). In real applications, these
two secondary terminals could be two wireless access points in
two separate homes or two micro-cell base stations connected
temporarily by the relay, which provides a wireless backhaul
service. This system model is identical to the one in [31]
except for the two-way relay. Thus, using the multiple access
broadcast (MABC) two-way relaying protocol, two time slots
are required for mutual information exchange between SU;
and SUs,, which occurs as follows. In the first time slot, both



SU; and SUs transmit their data to R simultaneously. In the
second time slot, R broadcasts an amplified version of the
received signal. For this setup, we design cognitive beamform-
ing vectors and power allocation jointly to reduce the overall
outage probability, which is determined by the end-to-end
outage probability of the weakest communication link [34].
Therefore, instead of minimizing the overall outage probability
directly, cognitive beamforming and power allocation is used
to maximize the worse of the two received SINRs at SU; and
SUs,.

In previous work [30], we also investigated a network of
multiple single-antenna relays and two single-antenna termi-
nals. This current paper and [30] fundamentally differ in
two ways. First, as mentioned above, both S2P and P2S
interference signal limits the overall performance. However,
both types of interference can not be mitigated in [30] due
to the single-antenna constraint. In contrast, full interference
mitigation is possible with multiple-antenna terminals in this
paper as they provide enough spatial degrees of freedom.
Second, [30] aims to reduce the burden of the CSI by using the
relatively slowly-varying second-order channel statistics. Es-
sentially, [30] deals with distributed beamforming for multiple
relays and all single-antenna nodes.

To the best of our knowledge, beamforming design and
power allocation for SU; and SU, considering both P2S and
the S2P interference links have not been studied previously.
We address this problem in two stages:

1) Receiving (Rx) beamforming,
2) Joint transmitting (Tx) beamforming and power alloca-
tion.

In stage 1), we convert Rx beamforming to the generalized
Rayleigh-Ritz ratio maximization problem. However, in stage
2), joint Tx beamforming and power allocation is a quadrat-
ically constraint quadratic program (QCQP) with quadratic
equality constraint, which is non-convex and NP-hard [35].
As the AF two-way relay requires two time slots for mutual
data exchange, the selection of Tx beamforming vectors and
power allocation in the first time slot affects the AF relay
gain for the second time slot. The relay transmissions also
must satisfy the interference constraint at the PR. There-
fore, not only keeping the PR interference in both time
slots below the interference limit, but also maximizing the
minimum SINR of SU; and SU,; over two time slots are
required. Thus, these simultaneous requirements lead to a
very difficult design problem. We find that the maximum
achievable worse SINR can be found through a bi-section
search along the parametric curve ®(Pgr, Pogr), where Pjr
is the power received at the relay from SU; (j = 1, 2).
But, at each (Pig, Pagr) pair, an (M; + Ms)-dimensional
feasibility problem with regard to Tx beamforming and power
allocation, where M; and M, are the numbers of antennas
at the two terminals, respectively, needs to be solved. This
feasibility problem is also a QCQP with quadratic equality
constraint, which makes it non-convex and NP-hard [35].
We thus find two equivalent secondary-transmitter-to-primary-

receiver interference minimization problems, and solve them
using semidefinite relaxation (SDR). Although this bi-section
search based process yields the optimal Tx beamforming vec-
tors and power allocation, it has high complexity. We propose
to reduce this complexity level by using two popular low-
complexity beamforming schemes 1) MRT [31], [36]-[38],
which maximizes the signal-to-noise ratio (SNR) [39], [40],
and 2) ZFB-MRT [41], [42], which nullifies the interference
while maximizing the desired signal power. These two meth-
ods have simple, closed-form solutions for TX beamforing
vectors and thus eliminate the high computational complexity.
However, the resulting beamforming vector is not optimal.
Therefore, we will optimize the power allocation in order to
partially recover the performance losses. In summary, the main
contributions of our work are as follows:

1) We derive the optimal Rx beamforming vectors and
prove that they are computed only from the CSIs, and
is independently from the transmit powers and the Tx
beamforming vectors.

2) We develop a joint optimal Tx beamforming and power
allocation (JTBPA) algorithm, which solves non-convex,
NP-hard optimization problem. Thus, JTBPA is based
on the bi-section search along the received power pair
(Pig, Pog). At each step, this leads to an (M; +
M>)-dimensional nonconvex feasibility determination
of transmit powers and Tx beamforming vectors. We
convert the feasibility problem into two interference
minimization problems of M; and M, dimensions,
which can be solved by SDR with running time of
O(M;m) (y = 1,2). Since joint Tx beamforming
and power allocation for underlay cognitive two-way
relay network with multi-antenna terminals has not
been investigated before, the proposed JTBPA algorithm
provides a benchmark to evaluate other Tx beamforming
and power allocation strategies.

3) Optimal power allocation is also developed for two low-
complexity, sub-optimal beamforming schemes, MRT
and ZFB-MRT.

4) An assessment of the relative merits of our proposed al-
gorithms (JTBPA and sub-optimal Tx beamforming with
optimal power allocation) is provided through extensive
simulation and numerical results. For example, JTBPA
increases the achievable SINR by as much as 20dB
compared with no Tx beamforming and equal power
allocation (EPA). ZFB-MRT and MRT with optimal
power allocation have 1dB and 5dB gaps from JTBPA,
respectively. Moreover, ZFB-MRT performs satisfacto-
rily even without power allocation. For instance, only
1dB performance gap is incurred due to simply using
the maximum power level.

The remainder of this paper is organized as follows. Sec-
tion II describes the system model and formulates the op-
timization problem. The optimal relay gain and Rx beam-
forming vector are derived in Section III. The optimal JTBPA
algorithm is developed in Section IV-A. The optimal power



allocation with MRT and ZFB-MRT is treated in Section I'V-B.
Numerical results comparing different Tx beamforming and
power allocation methods are provided in Section V. Sec-
tion VI concludes the paper.

Notations: Ttalics, bold lower-case italics and bold upper-
case italics indicate scalars, vectors and matrices, respectively.
(8)*, (¢)T, (o)~'and (o) represent complex matrix conjuga-
tion, transpose, inverse, and Hermitian transpose, respectively.
|| | is the L?-norm. \(A, B) is the generalized eigenvalue
of matrices A and B. CN(u,0?) denotes the circularly
symmetric complex normal distribution with mean p and
variance o2. Iy is the M x M identity matrix. C is set of
complex numbers.

II. SYSTEM CONFIGURATION AND PROBLEM
FORMULATION

A. System Model and Assumptions

Time Slot 1
Underlay Two-Way Relay Network with Multi-Antenna Terminals

SU, SU; Time Slot2 SU,

SU,
Fig. 1.

The main assumptions of the system (Fig. 1) are as follows.

1) We consider a simple primary network of one single-
antenna transmitter-receiver pair (PT-PR), Fig. 1. Note
that multiple-antenna primary nodes will give rise to
matrix interference channels and beamforming matrices.
The resulting optimization problem is a generalization
of this paper and may be investigated in future work.

2) The two underlay terminals SU; and SU; mutually
exchange information via a half-duplex single-antenna
AF two-way relay R, which requires two time slots. Our
study is limited to a single-antenna relay for the fol-
lowing reasons. First, multiple antennas in some relays
may be difficult due to the size and the cost constraints
[33], [43]. Second, since such a multi-antenna relay
allows beamforming at the relay, our work serves as
a starting point. Third, beamforming design for the two
terminals and a multiple-antenna relay can be a future
work. The use of the half-duplex relay can mitigate
the self-interference in full-duplex relays, which occurs
at the receiving end because of the transmission from
themselves [44].

3) SU; is equipped with M; > 2 antennas and has the
peak-power constraint P"** (j = 1,2).

4) We assume flat-fading wireless channels with the chan-
nels gains independent and identically distributed as
CN(0,1). The channel between SU; (j = 1,2) and
the relay R is reciprocal. This reciprocity assumption is

widely adopted in time-division-duplex (TDD) relaying
systems [45], such as two-way relays.

5) We adopt the same assumption as in [22], [23], [25]-
[28], [46] that the instantaneous CSI of all channels is
perfectly known at every node. In practice, any node
x €{SUj, SU,, R, PR} can obtain the CSI of the y—x
(y €{SUy, SUs, R, PT}) channel through pilot based
channel estimation schemes [47]-[50], given that link
exists (shown in Fig. 1). Then the obtained CSI is fed
back to other nodes in Fig. 1 directly from x or indirectly
from a band manager, who helps to exchange the CSI
between nodes in the system [23], [46].

6) Since both secondary terminals know the CSI of all
channels perfectly, each terminal SU; (j = 1, 2) can
calculate its own transmit power P;, Tx beamforming
vector m;, Rx beamforming vector d;, and the relay
gain G by using the methods proposed in Section III
and Section IV. Then, either SU; or SUs transmits the
relay gain G to the relay.

7) The noise received at each node is additive white Gaus-
sian noise (AWGN) of zero mean and o2 variance.

8) As in [31], [51], [52], perfect time synchronization is
assumed between the primary and secondary networks.
This will lead to the maximum interference power
scenario.

B. Signal Models

When using the two-slot two-way relay (Fig. 1), the signal
\/Pjmys; is transmitted from SU; (j = 1, 2) to the relay R in
the first time slot through the reciprocal channels g; € CMi %1,
where P; is the transmit power, s; is the symbol to be trans-
mitted, and m; € C™i*! is the normalized Tx beamforming
= 1. Simultaneously, PT transmits () to PR
with transmit power Pp. Therefore, the signal y, and the

interference xmﬁ received at the relay R and PR are given
as

yr =V Piglmiss + VPags mass + /Pofrz™™ + 1., (1)
571L)t =VPihi mis1 + vV P:h3 masa, )

where h; € CMix1 (j = 1, 2) is the interference channel
vector from SUj; to PR, f; is the complex interference channel
gain from PT to R, and n, is the AWGN at the relay.

In the second time slot, the relay R multiplies its received
signal y, with a complex relay gain G € C and transmits the
resultant. Then the relay generates the interference signal on
PR as,

) = hGys, 3)

where h, is the complex channel gain from the relay to PR.
Also, in time slot 2, PT transmits z(?) to PR with transmit
power Pp. Then, the signal vector y; received at SU; (j =
1, 2) is given as,

y; =/ P;Gg;g] mys; + \/F;nggfm353
+/P,Gg;frxM + Ggin, + /Ppfiz® +nj, ()

where f; € CMi*! is the interference channel vector from



PT to SU;, n; € CM;ix1 ig the vector of AWGN at SU;, and
j=1,if j =2, and vice versa.

Knowing the relay gain G, the channel g;, its own trans-
mit power P;, Tx beamforming vector m;, and transmitted
symbol s; perfectly, SU; (5 = 1, 2) can eliminate the self-
interference part /P;Gg;g]my;s; before applying the Rx
beamforming. After the self-interference cancellation and the
Rx beamforming, the resulting signal §; is represented as

95 = \/P;Gd] 9,9} mjs;

Signal
+ \/ Pde;ngfrl'(l) + AV4 de,ffjl'@) (5)

Interference

+ Gd;fpgjnr + dfnj,

Noise

where d; € CMi*! (j =1, 2) is the Rx beamforming vector
satisfying ||d;||* = 1.
Therefore, the instantaneous SINR at SU; (j = 1, 2) is
calculated from (5) as
P;|G12dHGd;mIG:m;
SINR; = 2 2 I T (6)
di (2AG; + Fy)d;
where G —gjg],A Pyl fr|> + 0% and Fj = P, f; fT

oI M; - The interference powers at PR in time slot 1 and 2
are calculated from (2) and (3) as

PI(I) :leleml + szngng, (7)
D =|h, P|GA(Prmi Gima + PomE Gama + A, (8)

where H; = hthT GG =1,2).

Note that, since only the signal power levels are considered,
e.g. SINR (6) and interference power at PR (8), the phase
Z(G) of G is irrelevant. For this reason, we set Z(G) = 0
and model the relay gain G as a positive real-valued scale
hereafter. Then, |G|? in (6) and (8) is replaced by G?.

C. Beamforming Design Criteria

As mentioned in Section I, we aim at choosing the relay
gain G, transmit powers P;, Tx beamforming vectors m;
and Rx beamforming vectors d; (j = 1, 2) to maximize
min(SINR;, SINRy). Recall that, the interference at PR (P}"
and PI(Q)) received at PR must be lower than the interference
temperature limit (Iy,). Meanwhile, the transmit powers P;
(7 = 1,2) can not exceed their maximum values ij”’”.
Putting all these conditions together, the optimization problem
is formulated as

(P-1) max min{SINRy, SINR; }
7, G, My, aj
5.t [myl|> =1, ;> =1,  (%a)
P < P Py < P (9b)
PV < Iy, PP <L, (90)
j=1,2

III. OPTIMAL RELAYING GAIN AND RECEIVING
BEAMFORMING

We first derive the optimal relay gain G and Rx beam-
forming vectors d; (j = 1, 2) in this section. Since among
the constraints (9a)-(9¢c), only P( ) < I, depends on the
rela?' gain G, when the optimal Value of (P-1) is achieved,

= I, must hold. Otherwise, if (P-1) achieves its optlmal
Value SINR? and PI( ) < Ii;,, G can be increased to G such
that PI(2) = I;p,. Then substituting G into (6) results in higher
SINR; (j = 1, 2) and consequently a worse SINR, which is
higher than SINR?, is achieved, which contradicts that SINR®
is the optimal value. Therefore, G should be chosen as

10
\/h | P1 G1m1+P2m2 G2m2+A) ( )

Substituting (10) into (6), SINR; (j = 1, 2) can be refor-
mulated as

SINR; P JRYRj

" Pir+ Par + (vrj + 1A’

I, d7 G;d;
[ \deF d; G
1, 2). Note that P;r and yg; (j = 1, 2) are the signal powers
from SU; to R and the SINR from R to SUj, respectively.

(1)

where Pjr = leHG‘mj, and vg; =

Lemma 1. SINR; in (11) increases with the increase in 7ygj.

Proof. Since SINR; > 0 and vyr; > 0, we have

OSINR;  virlnir +72r + (Yr; + 1)A] — Avjryr)
OVR; [Vir + 2R + (YRj + 1)A]?
YirlV1R + V2R + 4]
= 2 > O-
[Vir +Y2r + (YrRj + 1)A]
Thus, SINR; increases with yg;. O

By applying Lemma 1, we obtain the following lemma.

Lemma 2. Let d; (j = 1,2) be the vector such that g,
achieves its maximum value Yry Then, d; (j =1, 2) is an
optimal solution of (P-1) .

Proof. Since yg; (j = 1, 2) achieves its maximum value
Yr;© when d; = d;, to prove Lemma 2 is equivalent to

prove that 'y?g’” (j = 1, 2) is an optimal solution of (P-1).
Then, we assume that when (P-1) achieves its optimal value
SINR?=min(SINR;, SINR>), at least one of yr1 < v7{** and
Yr2 < Ygs'® holds. This leads to two cases:

max

1) When SINR® is achieved, only one of vg; < YRj
(7 =1, 2) holds.

Wlthout loss of generality, we assume that yr1 < Y34
and Yro = vis'". If yRr1 is increased to y321**, by apply-
ing Lemma 1, SINR; will increase as well. Then, there
are two cases to consider: a) SINR? =SINR, <SINR;,
and b) SINR? =SINR; <SINRs. In Case a), increasing
SINR; will achieve the same SINR®. Therefore, yE{*
is also an optimal solution of (P-1) in this case. In Case

b), increasing SINR; will result in an SINR higher than

max



SINR®. This contradicts that SINR® is the optimal value
of (P-1).

2) When SINR? is achieved, both of vyg; < Vg (j =
1, 2) hold.
In this case, if both of vg; (j = 1, 2) are increased
to their maximum value g/, by applying Lemma
1, SINR; will increase as well. Then, an min(SINR;,
SINR;) >SINR? is achieved. This contradicts that
SINRC? is the optimal value of (P-1).

Therefore, considering both Case 1) and 2), Tri© G =1,2)
is an optimal solution of (P-1). O

Then, according to Lemma 2, d; (j = 1, 2) should be

chosen to maximize «yg;. It is known that the generalized
H

Rayleigh-Ritz ratio in the form as ZHi :
d; is chosen as (12) by exploiting’ the deﬁn1t10n of G; [53]
and its maximum value 7" is computed as (13) by using

the Sherman-Morrison formula [54]:

(Pof; f] + 02 Iuy) " 'g;

is maximized when

d;, = ) (12)
LB S+ 0% u) g
mag Iip, P, fTg:|?
T = o lgl - g pre) (3
Al a2(0® + Pyl £511%)

Note that the Rx beamforming vectors (d;, j = 1, 2) is
calculated only from the CSIs. For simplicity, we denote 75"
as v; (j = 1, 2) hereafter and reformulate (P-1) into (P- 2)
which is an optimization problem with regard to the transmit
powers P; and Tx beamforming vector m; (j = 1, 2).
However, (P-2) is a non-convex optimization problem.

IV. TRANSMITTING BEAMFORMING AND POWER
ALLOCATION

In this section, we develop the optimal JTBPA algorithm for
(P-2) for Tx beamforming vectors m; and powers P; (j =
1, 2). To reduce the high computational complexity, we also
propose low-complexity, sub-optimal beamformers ZFB-MRT
and MRT. In this case, m; have closed-form solutions and we
optimize P; (j = 1,2) to mitigate the performance loss due
to the suboptimal m; (j = 1,2).

A. Optimal Joint Transmitter-Side Beamforming and Power
Allocation

To find the optimal Tx beamforming vectors and power al-
location, we observe the following lemma on the optimization
problem (P-2).

Lemma 3. There exists an  optimal  solution
(PP, P§, m%, m$) to (P-2) such that the corresponding
optimal SINRs at the two terminals satisfying SINR] =SINRS.

Proof. Let (PP, P§, mS, m$) be an optimal solution to (P-
2). We assume that SINR{ <SINR$. Therefore the correspond-
ing optimal value SINR’ of (P-2) satisfies SINR® =SINR§.
Define x = Spss then & < 1 and SINR® = KSINRS.
Define a new power allocation P, = KPP, P, = P3.
(PP, Py, mS"", m3P") is also a feasible point of (P-2), and

the resulting SINR; > SINR® and SINR, > SINR®. This
contradicts that (PP, P§, m$, m$) is an optimal solution to
(P-2). O

By applying Lemma 3, (P-2) is reformulated as

Y1Pr —v2PiR

(P-3) max

Py, Py, m1, mo (71772)A

5.t [m;lI>=1,7=1,2, (15a)

Py < P"OT, Py < PIMOY, (15b)

Pimi Hymy + Pomi Homo < I(15¢)

®(P1R, P2r) = 0, (15d)

where
®(Pir, Por) = 71 Pig — y2Pir + (11 — 72) PirPar

+71(y2 + 1)APsg — y2(71 + 1)APir.  (16)

(P-3) is a QCQP with quadratic equality constraint, which is
non-convex and NP-hard [35]. Note that (15d) is a hyperbolic
curve passing the origin point (P1r, Par) = (0, 0). To solve
(P-3), three cases need to be considered: (1) 71 > 72, (2)
v1 = 772 and 3) 71 < 9. Since 73 = 79 is a zero-
probability event, we neglect this case here. If v; > 9,
(P1, P>, m1, my) should be chosen such that v; Por —v2Pir
is positive. Meanwhile, it is easy to prove that the hyperbolic
curve ®(Pigr, Pop) = 0 always satisfies this requirement
when Pjr > 0 (j = 1, 2). Similarly, the hyperbolic curve
(I)(PlR, PQR) =0 always satisfies v1 Pop — 2 Pir < 0 in
the first phase when v; < 7. Therefore, there must exist a
solution (Py, P>, my, ms) such that &(Pyg, Por) = 0 and
the optimal value of (P-3) is achieved.

Accordingly, a bi-section search along the hyperbolic curve
®(Pir, P, g) = 0 can be applied to find the optimal
(P1Rr, P>r) until the stopping threshold 7 is satisfied (Step 4 in
JTBPA). With fixed SINR; =SINRs = tmia, (Pig,., P2Ruy)
is obtained by solving the equations % = tmid
and (15d). Then, the problem (P-3) is reduced to a feasibility
problem

(P-4) find 70y, 1y
st g |]P < Pt =1, 2, (17a)
mi Hymy + ml Hymg < I, (17b)
mIGim; =Y, i =1,2, (170
where ; = /Pym; (j =1, 2).

Note that (P-4) is an (M; + Ms)-dimensional nonconvex
feasibility problem with both quadratic inequality and equality
constraints, which is NP-hard [35]. To reduce its dimension,
we transfer it into two M;-dimensional (j = 1, 2) interference
minimization problems (P-5).

(P-5) min ! H;m;
m;
st [l | < Py,
m]HGJm] = ’Yijid7
Jj=12,

(18a)
(18b)



max

M1 Par

(P-2)

min{
1, P2, m1, mo

Y2Pir
}

Pir+ Pop+ (11 + 1A Pig + Pop+ (12 + 1A

s. t. [m;|>=1,j=1,2, (14a)
Py SPlrna17P2§P§1a$a (14b)
PimTHym, + PomE Hym, < I, (14c)
where mJH H;m; is the SU; —PR interference power in the
first time slot. If we define X; = Thj'rhf , (P-5) is equivalent v1Par — 2 PiR
to P-7) max AL
Pir, P2r (’}/1 - VQ)A
(P-6) min Tr(H;X)) st Pip < P{MTe(Gh), (20a)
m; Por < P Tr(Go), 20b
s.t. Tr(X;) < ijax7 (192) 2R S I (G9) (20b)
®(Pir, Por) =0 (20c)
TI’(Gij) = Y5 Rumia> (19b)
X >0, rank{X} = 1. (19c¢)

which can be solved by SDR technique [35]. In SDR, the rank-
1 constraint (19¢) is dropped and the optimal solution X ¥ to
the resultant problem is solved via interior-point algorithms
[55]. If the solution satisfies rank-1 constraint, then it will be
optimal to (P-6) and 772 can be extracted from X ]* . Note that,
it has been shown in [35], [56] that with only two constraints,
the SDR of (P-6) always has a rank-1 solution, rank{ X ¥} =
1, whenever the optimization problem is feasible. Once the
optimal 7} H;m; of (P-5) is found with j = 1 and 2, we
compare the sum of them with the interference threshold I;,.
If m Him, + mi Hymy < Iy, it is equivalent to that
(P-4) is feasible, otherwise (P-4) is not feasible.

The analysis above is concluded in the JTBPA algorithm,
where the initial point ¢,;q of the bi-section search is de-
termined by the lower bound and the upper bound of the
achievable SINR. The lower bound t),, is simply chosen as
zero, while the upper bound %, is chosen as the optimal
value of (P-7), which drops the constraint (15c) in (P-3)
and maximizes the objective function with regard to P;gr
(7 = 1, 2). The first two constraints in (P-7) result from the
fact that the maximum value of Pjr = Pymf Gym; (j =
1, 2) equals to the multiplication of P/"** and the principle
eigenvalue of G, which is Tr(G) according to the definition
of G;. Note that the optimal value of (P-7) is achieved when
(Pig, P2g) is as far from the line Pop = %PlR as possible
for both 71 < 72 and 3 > 2. Meanwhile, (Pigr, Por)
must be on the hyperbolic curve ®(Pgr, P,g) = 0. Since
when Pip > 0, P, > 0, ®(Pig, Pog) = 0 monotonically
increases and has only one crosspoint with Pop = %Pl R at
(0, 0), the distance from points (P; g, Pog) on the hyperbolic
curve to the line Pop = %Pl R increases with the increase in
Py g. Otherwise, ®(Pig, Por) = 0 and P = %Pm, would
have another crosspoint when P;p > 0, P, > 0. Therefore,
let (Pme=Tr(Gy), Piy}) and (P}, Po*Tr(Gs)) be the
crosspoints of Pip = P"**Tr(G1) and Pap = PJ"**Tr(G2)
with ®(Pygr, Pog) = 0, respectively, then the one satisfying
both (20a) and (20b) must be the optimal solution to (P-7).

Algorithm JTBPA: Optimal Joint Beamforming and
Power Allocation
InI)Ut : Gl, G2’ Hls HQ: Fla FQ, A7 h'r’ Itha anaz7
P27n(l$
OlltplltZ SINR, Pl, PQ, mi, Mo, dl, dg, G

1 Compute v; and d;, (j = 1,2) using (13) and (12),
respectively;

2 Compute (P"**Tr(G1), PQ(}?)) and (Pl(?z)v PrTr(Gy))
being the crosspoints of Pp = P"**Tr(G1) and
Py = PY*Tr(G5) with (P, Por) = 0 respectively.
Chose the one satisfying both (20a) and (20b) as the
solution to (P-7), compute its optimal value and set the
result to ¢

up>

3 tiow = 0, tmig = w, t?nl?d = Inf;

4 while |tmid — tfnlil| > n do

s |t = tmias

6 Calculate (Pyg,,,, Por,,) such that both
% = tmiq and (15d) are satisfied;

7 | Find m! H;m; and m; by solving (P-5) using
SDR (j = 1, 2);

8 if ’I’;’L{{Hl’l’ﬁl + T?Lé{HQ’I’I’ALQ < Ith then

tiow = tmids

Py = |l |*, my = —r=rig, (G =1, 2);
9 else t,p, = tmiq;
10 end

11 tmid =
end

tupttiow
2

bl

2 G= Lin .
[he2(Prm{T Gima+Pom i Goma+A)°

3 return SINR, P;, P, mi, mao, dy, ds, G.

-

Although JTBPA optimally computes P; and m; (j = 1, 2),
the bi-section search and the use of SDR result in high
computational complexity (see Section IV-C).



B. Optimal Power Allocation with Different Transmitter-Side
Beamforming

Since JTBPA has relatively high computational complex-
ity (see Table II), we derive sub-optimal Tx beamforming
vectors based on two different widely-used, low-complexity
Tx beamforming strategies (MRT and ZFB-MRT). Contingent
upon their beamforming vectors, we will optimize the power
allocation to partially compensate for the performance loss.
Note that whilst such a two-stage solution is necessarily sub-
optimal, significant complexity savings are possible.

1) MRT: The Tx beamforming vector mj—” RT (g =12)
is chosen as .

mMRT _ 9;
lg;l
to maximize the received signal power at the relay R.

2) ZFB-MRT: We first find the sub-space ¥, which is or-
thogonal to the SU; —PR interference channels h; (j = 1, 2),
then project g; onto W;, which results in the beamforming
vector

ey

U.g*
ijFB—MRT _ ; J , (22)
V95 Yigj
hihT . L . .
where ¥; = | — W This projection eliminates the inter-
J

ference from SU;’s transmission to PR. Therefore, constraint
(23b) is always satisfied. In principle, this allows for an
arbitrary increase in the transmit powers of the terminals.

3) Optimal Power Allocation (OPA): With both MRT and
ZFB-MRT, the beamforming vectors m; (j = 1,2) have
closed-form expressions given by (21) and (22). Then the
optimization problem (P-3) is reduced to the optimal power
allocation problem,

Pyy1Pap — PiyaPrig

P-8 max
*9 Py, Py (71 —72)A
s.t. Py < Pt Py < P (23a)
a1 Py + a Py < Iy, (23b)
¢(F)171:)2) :07 (230)
where P;R = mijmj, a; = mfIHlml, ay =

mi Hymy, and

~ 9 ~ 9 ~ ~
®(Py, Py) =y1Por Py — 72 Pip PP+ (v1 — 72) PLrPerPL Po

+71(72 + 1)APyr Py — va2(y1 + 1) AP R P;.
(24)

It is easy to prove that with the optimal power allocation
(P1, Py), at least one of the three constraints (23a) and (23b) is
satisfied with equality, because otherwise we can increase P;
or P, to achieve a better solution. Consequently, the optimal
power allocation (P;, P») lies on the red solid line in Fig. 2,
which is formed by (23a) and (23b). Therefore, the optimal
power allocation (P;, P») must be the cross point of the red
solid line and the hyperbolic curve ®(P;, P») = 0. This
cross point can be found by first calculating the cross-points
(P, PV, (P, P and (P{Y, P{)of ®(P1, Py) = 0
with P, = leaac’ P, = Pénaa;, and a1 Py + as Py = Iy,

arPy+ ay Py = Iy,

% 1.2 .,.""Oplimal Power Allocation
z
1)
0.8 D(P, P) =0
0.6 .
04f
0.2}
% 02 04 06 o0s 1 12 14 16 18 2,22 24
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Fig. 2. Optimal Power Allocation

respectively, according to (25a)—(25c), then choosing the one
satisfying both (23a) and (23b).

C. Complexity Analysis

Since JTBPA does a bi-section search and applies SDR
at each search point, its running time can be estimated as
follows. The worst-case total number of iterations in the bi-
section search is given as logz(t“‘ﬁ%) [57], where t,, and
tiow are the upper and lower bounds of the bi-section search,
respectively. At each search point, SDR requires running
time of O(M{5 + MZ5) [35] to solve two interference
minimization problems. Therefore, the total running time of
JTBPA is given as (’)(10};2(@)(1\4%5 + M39)).

For both MRT and ZFB-MRT, only matrix multiplication
is utilized which requires running time of O(M?) to compute
the Tx beamforming vectors m; (j = 1, 2). Then, the opti-
mal power is obtained through numerical calculations, which
requires constant time. Therefore, the complexity of MRT or
ZFB-MRT with optimal power allocation is significantly lower
than JTBPA. A clear comparison is shown in Table I

V. NUMERICAL RESULTS

Since our system (Fig. 1) has not previously been investi-
gated in the literature, directly comparisons are unavailable.
However, for this system, our simulation results compare
five different beamforming and power allocation schemes: 1)
JTBPA, 2) ZFB-MRT with optimal power allocation (ZFB-
MRT-OPA), 3) ZFB-MRT with maximum power (ZFB-MRT-
MP), 4) MRT with optimal power allocation (MRT-OPA),
and 5) Equal power allocation (EPA). In the EPA scheme,

m; is set to L_1 (j = 1,2), where the denominator
M.

is the normalizing ]factor, and P; is set to P, where P =
min(ww, Pm‘“‘).. Schem'es 1)-5) use the optimal
Rx beamforming and relay gain (Section III). To analyze the
SINR loss due to the underlay cognitive mode, we also show

the results of the Ideal case. The Ideal case includes only
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TABLE I
COMPARISON OF RUNNING TIMES

Algorithms Running Times

JTBPA O(log, (") (M} + M)
MRT with Optimal Power O(M? + M3)
ZFB-MRT with Optimal Power O(M? + M3)

the conventional two-way relay network (SU;, SU; and R)
without any primary nodes and interference constraints. In
this case, MRC is the optimal RX beamforming strategy for
SU; ( = 1,2) to receive in the second time slot because it
maximizes the received signal power at SU;. In terms of Tx
beamforming, MRT is selected to maximize the signal power
for SU; —R (j = 1,2) in the first time slot. Meanwhile, the
maximum available power is selected at both SU; (j = 1, 2)
and R. The average achievable SINR over 103 simulation runs
is chosen as the performance metric.

All the plots are generated with Ny = 0dBm and P, =
3dBm. Each channel coefficient is CA/(0,1) distributed. To
observe the impact of the maximum transmit power, we

SINR (dB)

assume P["** = P = P™ and choose 3dBm and .
10 dBm, respectively. T > ® arora| |
sl R & MRT-OPA
- \“)“ ZFB-MRT-MP
A. Achievable SINR vs. Interference Threshold I, ~20%5 _ - - -5 5 5 1 5

I, (dBm
Figures 3 to 5 plot the average SINR as a function of o

Iip. Note that the proposed JTBPA provides over 10dB  Fig 3. SINR vs. I, with M; = My = 8 and P"et = PJ"o® — 3dBm
SINR improvement over EPA. Thus beamforming and power
allocation exploit not only the spatial diversity, but also the
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interference threshold. Therefore, as expected, the gap between
JTBPA and the Ideal case decreases with the increase in Iy,
e.g. less than 4dB when I;;, = 6dB in Fig. 4. The reason
for this SINR gap improvement is that at low interference
thresholds, while beamforming at SU; (j = 1, 2) partially
eliminates SU; —PR interferences, the R—PR interference
dominates and hence relay transmit power must be low. But
when PR has high interference tolerance, I;;, = 6 dB, the relay
can transmit with higher power. Then cognitive beamforming
exploits spatial diversities to improve the achievable SINR.
From Figs. 3 to 5, it is clear that ZFB-MRT-OPA can achieve
almost the same performance as JTBPA in low interference
temperature limit region (e.g. I;;, < 2dBm with the maximum
transmit power of 10dBm and [;;, < —2dBm with maximum
transmit power of 3dBm). Figure 3 also shows that with the
increase in the interference temperature limit (Iy,), the gap
between ZFB-MRT-OPA and JTBPA increases. This is because

using ZFB-MRT, SU; (5 = 1, 2) causes no interference at PR.
Therefore, the interference constraint is not exploited. The
SINR loss due to not exploiting the interference constraint
can be small when I;, is low, e.g. less than 0.5dB when
I;;, = —10dB (Fig. 3). But when PR has high interference
tolerance, e.g. Iy, = 6 dB, this SINR loss increases, e.g. 1dB.
However, this problem can be mitigated by either increasing
the maximum transmit powers (Fig. 4) or equipping more
antennas (Fig. 6).

With ZFB-MRT, optimal power allocation or maximum
power transmission, a less than 1dB SINR gap exists
throughout the entire interference temperature limit region
([-10dBm, 6 dBm)]). This 1dB gap is because optimal power
allocation provides a balance between terminals’ and relay’s
transmissions. In other words, the relay node can transmit with
a higher power than that when ZFB-MRT-MP is applied at the
two terminals.

When comparing the performance of MRT-OPA in Figs. 3
and 4, we find that increasing the maximum transmit power
does not benefit the achievable SINR, which is lower than
the SINR obtained by JTBPA for over 5dB when I;;, <
—4dBm. But, as the interference temperature limit ([y,)
increases, MRT-OPA converges to JTBPA. This convergence
is reasonable because MRT aims at maximizing the desired
signal power, which does not consider the interference factor.
Consequently, to satisfy the interference constraint in low Iy,
region, the transmit power can not be high, regardless of the
maximum available transmit power.

B. Achievable SINR vs. Number of Antennas M

Iy = 0dBm
2| B, = 3dBm
P

mar — pmar — 10dBm

SINR (dB)

3¢ ITBPA

© ZFB-MRT-OPA
-12 & MRT-OPA
ZFB-MRT-MP

2 3 1 5 6 7 3
Number of Antennas

Fig. 6. SINR vs. Number of Antennas with I;;, = 0dBm and le‘” =
Pjr*® = 10dBm

Figure 6 shows the average SINR as a function of the
number of antennas, where M; = Ms. Obviously increasing
the number of antennas results in higher SINR due to the
increasing spatial degrees of freedom. Thus the SINR gap
between JTBPA and the ideal case is reduced from around
8dB to 6dB. Thus, the capability of cognitive beamforming



in suppressing interference from/to the primary network is
evident. As well, with the increase in the number of antennas,
the SINR gap between ZFB-MRT-OPA/ZFB-MRT-MP and
JTBPA has been reduced from over 2dB with 2 antennas
to less than 1dB with 8 antennas. This is because, although
ZFB-MRT does not exploit the interference threshold, the
SINR loss of non-optimal beamforming coefficients can be
partially overcome by exploiting more path diversities with
more antennas. As mentioned before, with I;;, =0dBm, the
transmit power determined by MRT-OPA is still relatively low
because MRT has no control on the SU;-to-PR (5 = 1,,2)
interference. Therefore, a large SINR gap, e.g.over 5 dB, exists
between MRT-OPA and JTBPA even when more antennas are
equipped and more spatial diversities are exploited in MRT.
Finally, it is obvious that since EPA has no beamforming,
its achievable SINR remains relatively low, e.g. less than
—8dB, regardless of the increase in the number of antennas.
Consequently, the gap between EPA and the ideal case is more
than 16 dB.

C. Running Times Comparison

Table II shows the comparison of the total running time of
100 simulation runs in a computer equipped with Intel(R)i7-
3770CPU at 3.4GHz using JTBPA, ZFB-MRT-OPA and MRT-
OPA. In this comparison, Iy, PJ?”‘” (J = 1, 2) are set to
0dBm and 10 dBm, respectively. Clearly, the time complexity
of JTBPA increases with the increasing number of antennas,
while the timing of the other two methods is relatively

constant.

VI. CONCLUSION

Cognitive beamforming for two underlay terminals (SU;
and SU,) and an underlay two-way AF relay (R) has been
investigated in this paper. Beamforming was designed to
maximize the worse SINR at SU; and SU,. The optimal Rx
beamforming vectors, which are computed directly from the
CSIs, and which are independent from the transmit powers
and the Tx beamforming vectors, and the optimal relay gain
were derived. We also proposed a bi-section search based joint
optimal algorithm (JTBPA) for the optimal Tx beamforming
vectors and power allocations, and at each iteration SDR was
used. Due to the relatively high computational complexity of
JTBPA, we investigated MRT or ZFB-MRT for sub-optimal
Tx beamforming, but the transmit power levels were optimally
calculated. Numerical results show that JTBPA improves the
achievable SINR by as much as 20dB and comes within a
few dBs from the performance of the ideal interference-free
system. Besides, ZFB-MRT-OPA can achieve near optimal
performance, e.g. SINR gap is less than 1dB from JTBPA.
Moreover, a fixed 1dB SINR gap exists between the ZFB-
MRT scheme with maximum transmit power and with op-
timal transmit power. On the other hand, MRT-OPA has a
large performance gap (over 5dB) from JTBPA in the low
interference temperature region, e.g. Iy, < 0dBm. Overall, the
main takeaway message from this work is that the interference
issue in underlay network can be successfully mitigated. Thus

spectral efficiency of the underlay concept can be realized.
This work may be extended in several directions. First, optimal
joint beamforming and power allocation can be developed for
multi-antenna underlay devices, where multiple antennas at the
relay node may be used to suppress both primary-to-relay and
relay-to-primary interference signals. Second, optimal beam-
forming and power allocation can be developed considering
CSI estimation errors, which arise in real applications.
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