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Abstract—This paper presents the performance analysis and
rate optimization of multi-antenna relay-assisted cognitive radio
networks. The proposed model consists of a pair of primary
users (PUs), a number of pairs of secondary users (SUs), and a
relay station equipped with multiple antennas. In this cognitive
radio network(CRN), each pair of SUs communicates via the
relay station for longer range communications. The relay station
employs physical layer network coding to precode the incoming
messages and forward them to all SUs without causing harmful
interference to primary user communications. The weighted sum
rate is used as the objective criterion. A novel beamforming
scheme is proposed for the SUs and the relay station. The
proposed scheme optimizes the transmission rates between the
SUs and the relay station while suppressing the interference to
an acceptable level at the PUs. Simulations are carried out in two
scenarios related to SUs: one is with channel state information
(CSI) and the otheris without CSI. It is shown that the rate of the
cognitive radio network increases with the number of antennas
at the SU nodes and the relay station.

I. INTRODUCTION
Cognitive radio (CR) has shown the potential to overcome

spectral limitations and improve spectral utilization efficiency
in wireless communication networks. Secondary users (SUs)
can monitor the given environment in real time and change
their transmission or receiption parameters to communicate
effectively without incurring harmful interference to primary
users (PUs). Several schemes have been studied to increase the
wireless communication range, such as cooperative communi-
cation techniques, distributed beamforming, and relay-assisted
communication.
Relay channel modeling can aid the bidirectional signal

transmission between users. Network coding is an effective
technique to improve the linkage and data rate [1]. The
conventional amplify-and-forward scheme linearly aggregates
the incoming signals, so the quality of the received signals
cannot be ensured. When equipped with multiple antennas, the
amplify-and-forward scheme shows beamforming characteris-
tics, which lead to higher data transmissions. The weighted
sum rate (WSR) [2][3] is used as a metric to measure the
performance of the proposed scheme in different scenarios.
In [4], the cognitive base station offers to help the PU

transmit the data. As a reward, the CR system will be able
to share the spectrum with the primary system. In [5], overlay
CR channels were studied. In [6], due to that time division
application, SUs sent signals in the idle time slots of the

PUs. In the CRN discussed herein, PUs and SUs transmit data
simultaneously because the multi-antenna system makes full
use of the space domain.
In this proposed cognitive radio network (CRN), we con-

sider the multi-way relay scenario, similar to [7] [8], where
multiple users exchange data via a single relay. The application
of multiple antennas at the relay station and SUs provides
extra spatial degrees of freedom that can significantly boost
throughput.
Multi-way relay is studied in this CRN, whereby the relay

station and all SUs are equipped with multiple antennas. To
maximize the rate of the relay station and the SUs, two
scenarios are considered.

• Because of the unavailable channel state information
(CSI) of the PUs, the SUs transmit signals to all directions
without causing serious influence to PUs in the uplink
channel.

• We propose to combine zero forcing(ZF) and an eigen-
value algorithm to send signals at the null space of the
PUs, which suppresses interference from the CRN to the
PUs and improves the rate at the relay station.

The block diagonalization(BD) is applied in the downlink
channel. This method can be limited by the number of
antennas at the relay station. When the number of antennas
become large enough, BD is easy to realize, because massive
multiple input, multiple output (MIMO) technology has been
incorporated in [9][10]. Our simulation results validate the
proposed multi-way relay scheme and show the throughput
improvement.
The following notational convention is used throughout this

paper: scalars are in normal fonts, boldface lowercase letters
denote vectors, and boldface uppercase letters denote matrices.
For any matrix X, tr(X) is the trace of X, det(X) is the
determinant of X, and || · || is the Euclidean norm.
The remainder of this paper is organized as follows: Section

II gives a general description of the system model. The prob-
lem formulation is introduced in Section III. The eigenvalue
algorithm and block diagonalization method are discussed in
Section IV. The simulation results are presented in Section V.
The conclusion and future work are given in Section VI.

Proceedings of WInnComm 2015, Copyright © 2015 Wireless Innovation Forum All Rights Reserved

42



2

II. SYSTEM MODEL

The proposed system model deals with a cognitive radio net-
work sharing the spectrum resource with a primary network,
as shown in Fig. 1. In the primary network, it is assumed that
there is a pair of PUs. In the cognitive radio network, there are
K pairs of SUs, and one relay station assisting in extending
the communication ranges of the SUs.

Fig. 1. System model. There is a pair of primary users equipped with one
antenna, K pairs of secondary users and a cognitive radio relay station

At the relay station, we use the two-phase transmission pro-
tocol with equal time slot. In Fig. 1, the solid lines represent
the first phase transmission, and the dashed lines represent
the second phase transmissions. The primary network is a
point to point communication. Assume that the PUs only
communicate with each other and each PU is equipped with a
single antenna. In the first phase, PU 1 sends signals to PU 2.
In the second phase, PU 2 sends signals to PU 1. While the
rate of the primary network can be guaranteed, the cognitive
network can opportunistically use the frequency of the primary
network. But the interferences resulting from the secondary
users’ activities must satisfy the constrain to the minimum
throughput of the primary network.
The CRN consists of K pairs of secondary users and one

relay station. The total number of the secondary users is as-
sumed to be 2K . The SU ki (where k ∈ 1, 2, · · · ,K ,i ∈ 1, 2)
represents one of the kth pair users, which is equipped with
Nki

antennas and the relay station is equipped with NR

antennas. Assume there are no direct links between SUs due
to the distance and each pair communicates via the relay
station. In the first phase, all SUs access the channels and send
signals to the relay station at the same time. The relay station
receives the signal from the SUs and then uses the physical-
layer network coding to combine the received signal yR and
broadcast the signal to all SUs. Without loss of generality,
the transmission media are assumed to be Gaussian radio
channels. The exact relaying schemes will be described in the
next section.
As discussed above, in the first phase, PU 1 sends signals

to PU 2; and all of the secondary users transmit signals to the
relay station at the same time. In the second phase, PU 2 sends
signals to PU 1; and the relay station broadcasts signals to all
of the SUs simultaneously. Thus interferences exist between
the primary system and the CRN.
We consider two channel state scenarios. One deals with the

CSI of the PUs that is not available at the SUs. The other is that
the CSI of the PUs is known at the SUs. In the first scenario,
there are no communications between the primary users and
the CRN; but the SUs in the CRN can estimate the path loss to
the PUs and then adapt the transmitting powers to guarantee
the communication quality of the primary system. However,
beamforming cannot be used in this case, because SUs do
not know the direction of the PUs. In the second situation,
because SUs have knowledge of the CSI of the PUs, all SUs
are expected to explore the beamforming matrices to mitigate
the interference to the PUs. In both scenarios, we assume that
the CSI of the PUs is available to the relay station, so that
the relay station can broadcast signals in the null space of the
PU’s channel.

III. PROBLEM FORMULATION

In the system model shown in Fig. 1, the first phase is
operated as follows.
In the primary network, PU 1 sends the signal sp1

with a
unit of normalized power to PU 2 , such that sp1

s∗p1
= 1. The

signal received yp2 at the PU 2 can be expressed as

yp2
= hp12

sp1
+

n∑
i=1

hkip2
Wki

ski
+ np2

(1)

where the hp12
∈ C represents the transmission channel in

the first phase. The hkip2
∈ C1×Nki represents the channel

between the SU ki and the PU 2. The summation term in (1)
is the additive interference from the SUs. The scalar np2 is the
gaussian noise at the PU 2 with a probability density function
(pdf) CN (0, σ2

p2
), where σ2

p2
is the noise variance at the PU

2.
In the CRN, SU ki transmits signal ski

with one data stream
and the covariance is unit one. Before transmitting to the relay
station, an Nki

× 1 beamforming vector wki
multiplies the

transmitted signal. Thus the transmitted signal at the SU ki
is xki

= wki
ski

. The covariance of xki
, represented by ρ2ki

,
is the transmitting power at SU ki. We use the matrix Hki

∈
CNR×Nki to represent the uplink channel between the relay
station and the SU ki. The signal received vector yR at the
cognitive relay station is given:

yR =
K∑

k=1

2∑
i=1

Hki
wki

ski
+ hpsp1

+ nR (2)

The second term hpsp1
in (2) is the interference from the PU

1, where the hp ∈ CNR×1 is a vector which represents the
channel between the relay station and PU 1. nR is the noise
vector at the relay station with independent and identically
distributed(i.i.d) samples following the zero mean circularly
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symmetric complex Gaussian (CSCG) distribution, denoted by
CN (0, σ2

RINR
), where σ2

R is the noise covariance at the relay.
In the second phase, PU 2 transmits signals to PU 1 and

the relay station broadcasts the signals simultaneously to all
SUs. The PU 2 transmits signal sp2

to PU 1. This process is
similar to the first phase. The received signal yp1

at the PU 1
is:

yp1
= hp21

sp2
+ hRp1

xR + np1
(3)

where hp21
∈ C represents the radio channel from PU 2 to PU

1 in the second phase. The channel coefficients between the
relay station and the PU 1 are hRp1

∈ C1×NR . The scalar
np1

is the noise at the PU 1 with pdf CN (0, σ2
p1
), where σ2

p1

is the noise covariance.
The relay station uses physical layer network coding to

linearly combine the received signal yR with the NR × NR

beamforming matrix WR and then broadcasts the signal to
all SUs. The transmitted power ρ2R at the relay station is the
covariance of WR. The forwarded signal xR is:

xR = WR

yR

||yR||
(4)

In the second phase, ykj
is the received signal at the SU kj

(j ∈ 1, 2, j �= i). After subtracting self-interferences by using
network coding protocal, ykj

is expressed as:

ykj
= Gkj

xR + hp2j
sp2

+ nkj

= Gkj
WRHki

wki
ski

+
∑
m �=k

∑
i=1,2

Gkj
WRHmi

wmi
smi

+Gkj
WRhpsp1

+ hp2j
sp2

+Gkj
WRnR + nkj

(5)

The first term in this expression represents the desired signal
from the SU ki, the second term is the interference from
the other pairs of SUs, and the third and fourth terms in the
formula are the interference from the PUs. The last term is the
noise vector at the SU j with i.i.d CSCG distribution, denoted
by CN (0, σ2

kj
INkj

), where σ2
kj

is the noise covariance at the
SU kj . In Equation (5), Gkj

∈ CNkj
×NR is assumed to be the

downlink matrix between the SU kj and the relay station.
Based on the transmit protocol described above, the rate at

the primary system and the cognitive radio network can be
elaborated as follows.
Assume Rp1

and Rp2
are the rates at the PU 1 and PU 2,

respectively, such that [11]:

Rp1
=

1

2
log(1 +

hp21
h∗
p21

||hRp1
xR||2 + σ2

p1

) (6)

and
Rp2

=
1

2
log(1 +

hp12
h∗
p12∑n

i=1 ||hip2
wi||2 + σ2

p2

) (7)

The rate at the relay station is:

Rr =
1

2
log det(INR

+
K∑

k=1

2∑
i=1

wH
ki
HH

ki

× (hph
H
p + σ2

RINR
)−1 ×Hki

wki
)

(8)

The rate at the SU kj is given as:

Rkj
=
1

2
log det(INkj

+Gkj
WRHki

wki

× (
∑
m �=k

∑
i=1,2

Gkj
WRHmi

wmi
wH

mi
HH

mi
WH

RGH
kj

+GjWRhph
H
p WH

RGH
j + hp2j

hp2j

H

+ σ2
RGkj

WRW
H
RGH

kj
+ σ2

j INkj
)−1

×wH
ki
HH

ki
WH

RGH
kj
)

(9)

In the CRN, we must satisfy the communication quality
of the primary network. Under this necessary condition, the
rate optimization is carried out in the CRN. So the objective
function is formulated as:

max R =

K∑
k=1

2∑
j=1

mkj
Rkj

(10)

s.t.
min(Rp1

, Rp2
) ≥ γ (11)

tr(xki
xH
ki
) ≤ Pki

(12)

tr(xRx
H
R ) ≤ Pm (13)

where Pki
is the maximum power level at SU Ki, Pm is the

power constraint at the relay station, and γ is the rate threshold
in the primary system, and it is less than the rate at the PUs
without any interferences.

IV. CASE STUDY AND ANAYSIS

In this section, two scenarios will be discussed based on
whether the CSI of the PUs is available at the SUs. Given the
CSI, the SUs can transmit signals to PUs at the null space of
the channel. Under this situation, the interference at the PUs
from the CRN will be suppressed but at the cost of decreasing
the power efficiency, because only the signals transmitted in
the null space are useful. If the transmission power is large
enough, the power loss can be ignored; and the relay station
can achieve a high rate. In this section, we assume the relay
station always knows the CSI of the PUs by utilizing pilot
signals, and maintain synchronization between the primary
network and the CRN.

A. The uplink channel

1) Without CSI of PU at the SUs: In the system model, it
is assumed that the communication happens in a slow fading
channel. The SUs can evaluate the pathloss of PUs from the
previous phase. Let’s assume that fki

is the path loss between
PU 2 and the SU ki.
The corresponding interference power I at the PU 2 can be

obtained from (7) with the threshold γ, that is:

I =
hp12

h∗
p12

22γ − 1
− σ2

p2
(14)
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Thus, the constraint (11) translates to the total transmitting
power of the secondary users Ps:

Ps =

K∑
k=1

2∑
i=1

ρki
≤ I +

K∑
k=1

2∑
i=1

fki
(15)

In order to keep the fairness of each SU, let the interference
from each SU at PU 2 be equal. So ρki

can be expressed as:

ρki
≤

Ps

2K
(16)

The maximum rate at the relay station will be obtained
when the rate of PU 2 satisfies the threshold requirement.
Given the threshold γ, the corresponding interference I can
be obtained from equation (14), and the transmitting power p
can be obtained from Equations (15) and (16). Suppose there
exists δ > 0, then γ′ = γ + δ > γ and the corresponding
interference of γ′ is I ′ with the transmit power p′ at SUs.
Obviously, I ′ < I . So p′ < p, the transmitted power at the
SUs must decrease to satisfy the constraint Equation (11). It
can be seen from Equation (8), that the rate at the relay station
will decrease. At the threshold, the relay station can get the
maximum rate. In other words, if the transmission power at
the SUs can guarantee the threshold at the PUs, all data rate at
the PUs can also be guaranteed. So the constraint in Equation
(11) can be relaxed to:

min(RP1
, RP2

) = γ (17)

Under the constraint of Equation (11), the rate at the
relay station increases as the transmitting powers at the SUs
increase. From Equations (12), (16) and (17), the transmit
power at SU ki is relaxed to:

ρki
= min(

Ps

2K
,Pki

) (18)

If beamforming techniques are applied at the SUs, the
power can concentrate at some directions rather than all
directions. Because the SUs do not know the position of PU
2, beamforming techniques cannot be applied at the SUs.
2) With CSI of PUs at the SUs: In this case, PU informs

some information to the relay station and the SUs. Knowing
the CSI of PUs, the SUs can send messages in the null space
of the interference channel. Thus the constraint of Equation
(11) can be ignored. When the SNR is high, this method can
achieve a desired rate at the SUs.
In this case, the beamforming vector wki

at SU ki is
designed based on the zero forcing (ZF) method in [12]. As
mentioned previously,Hki

is the channel of SU ki to the relay
station. Its projection at the space of hkip2

is Hki
hkip2

||hkip2
||2 hkip2

,
and the channel Hki

projects into the null space of hkip2
is:

Hki⊥ = Hki
−

Hki
hkip2

||hkip2
||2

hkip2
(19)

Eigenvalue algorithm can be used to solve this problem. The
square matrix HH

ki⊥
Hki⊥ represents a direction in a multi-

dimensional space. Its eigenvectors are normalized and lie in
the same direction as the coordinate axis of this space. The

eigenvalues are the corresponding length of the projection to
the direction of the eigenvectors.
Because the product of HH

ki⊥
Hki⊥ is a hermite matrix, the

eigenvector and the eigenvalue can be calculated as follows:

HH
ki⊥Hki⊥vki⊥ = λki⊥vki⊥ (20)

Here we use λki⊥,vki⊥ for the biggest eigenvalue and its
corresponding eigenvector. And it can be shown hkip2

vki⊥ =
0.

Proof: Left multiplying of equation (20) by hkip2
:

hkip2
HH

ki⊥Hki⊥vki⊥ = hkip2
λki⊥vki⊥ (21)

Because Hki⊥ is orthognal to hkip2
, we have Hki⊥hkip2

=
0. The left-hand-side of (21) equals to zero, therefore:

hkip2
vki⊥ = 0 (22)

Then, the data stream selects the eigenvector vki⊥ corre-
sponding to the largest eigenvalue λki⊥ as its beamforming
matrix. So:

wki
= ρki

vki⊥ (23)

Where ρki
is added to satisfy the constraint (12).

Because wH
ki
wki

= ρ2ki
, where ρ2ki

is the transmit variance
at the SU ki, it should satisfy the constraint (12).

wH
ki
HH

ki
Hki

wki
= ρ2ki

λki⊥ (24)

By using this precoding method, the rate at the relay station
becomes:

Rr =
1

2
log(1 +

K∑
k=1

2∑
i=1

ρ2ki
λki⊥

hphH
p + σ2

R

) (25)

Because the signals from the SUs only transmitted in
the null space of the channel to PU 2 are effective, some
power waste is inevitable. But this algorithm can cancel the
interference to the PU 2 effectively. So better performances
can be achieved when transmit power is high or the channel
is in good condition.

B. The downlink channel

The downlink channel from RS to SUs is a broadcast
channel. The physical-layer network coding (PNC) can be used
because the SUs can cancel self-interference in the received
signals. The relay station precodes the signals received in the
first phase with the matrix WR and then sends the signals to
all SUs. We decompose the matrix WR to three parts, such
that WR = PDQ, where P ∈ CNR×LP , D ∈ CLP×LQ ,
Q ∈ CLQ×NR . And PDQ can also be expressed as follows:

P = [P1P1 · · ·PK ]

D = diag{D1D2 · · ·DK}

Q = [Q1Q2 · · ·QK ]

(26)
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where Pk ∈ CNR×LPk , Dk ∈ CLPk
×LQk , Qk ∈ CLQk

×NR .
Letting WRk

= PkDkQk, so:

WR =

K∑
k=1

WRk
(27)

In the uplink channel, if SUs know the CSI of the PU’s
channel, eigenvalue algorithm is used, so we can use the wki

from Equation (23) to obtain:

Qki
= wH

ki
HH

ki
(28)

The completely ZF structure does not account for the fact
that the RS should get rid of interpair interference instead
of intrapair interference. Because the SUs are equipped with
multiple antennas, complete diagonalization of the channel
at the relay station is suboptimal, since every SU is able
to coordinate the processing of its own receiver signals and
cancel the self-interference. In order to maximize the rate
at the SU kj , we have to increase the power of the useful
signals or decrease the interference power from other SUs.
In other words, to maximize ||Gkj

WRkj
||2 and minimize

||GjWRmj
||2 for (m �= k), the BD technique is used [13],

[14].
From the Equation (9), the interference from the primary

user and the noise at the relay station are considered to be
constraint. Knowing the CSI of primary users, we can project
the downlink channel to the null space of the primary user’s
channel as Gki⊥.

Gki⊥ = Gki
−

Gki
hRp1

||hRp1
||2

hRp1
(29)

To find the matrix PR, such that GWR is a block diagonal
matrix. We define:

G̃k⊥ = [G11⊥,Gk−12⊥, · · · ,Gk+11⊥, · · · ,GK2⊥] (30)

To realize GkWm = 0(m �= k), we make Wk

lie in the null space of G̃k⊥. In order to guarantee all
SUs satisfy this constraint, rank(G̃k⊥) ≤ NR. If NR ≥
max{rank(G̃1⊥), · · · , rank(G̃K⊥)}, the operation of block
diagonalization will be possible. Thus, it is not required
NR ≥

∑K

k=1

∑2
i=1(Nki

). Given the dimension constraint,
let D̃k = rank(G̃k⊥). To decompose G̃k⊥ with the singular
value decomposition (SVD):

G̃k⊥ = ŨkΣk[Ṽ
(1)
k , Ṽ

(0)
k ]H (31)

Where Uk represent the left singular vectors, Σk is a diagonal
matrix with the singular values as its diagonal element, Ṽ(1)

k

holds the first D̃k column vectors, and Ṽ
(0)
k holds the last

(NR − D̃k) column vectors. Ṽ(0)
k is the orthogonal basis for

null space of Gk⊥.
Then, let LPk

be the rank of Gkj⊥Ṽ
(0)
k . In order to

perform the BD, D̂k ≥ 1 is necessary, because there should
be at least one row in Gk⊥ that is linearly independent to
rows of G̃k⊥. If channels are highly correlated, the block
diagonalization algorithm cannot be used. Assume all users

satisfy this constraint, the SVD ofGkj⊥Ṽ
(0)
k can be expressed

as:

Gkj⊥Ṽ
(0)
k = Uk

[
Σk 0

0 0

]
[V

(1)
k ,V

(0)
k ]H (32)

The notation of symbols are the same as in equation (31),V(1)
k

represents the first LPk
right singular vectors. The precoding

matrix PRk
can be expressed as:

PRk
= V

(1)
k Ṽ

(0)
k (33)

We now have the structure for Dk ∈ CLPk
×LQk . Define dk =

min(LPk
, LQk

):

Dk =

[
Idk×dk

0

0 0

]
(34)

Thus, the precoding matrix WRk
of the kth pair can be

obtaied as follows:

WRk
= ρRPkDkQk (35)

Where ρR should be a constraint to (13).
So the rate at the SU kj becomes:

Rkj
=

1

2
log det(INkj

+
ρ2RGkj

GH
kj

D
) (36)

Where
D = Gkj

WRhph
H
p WH

RGH
j + hp2kj

hp2kj

H

+ σ2
RGkj

WRW
H
RGH

kj
+ σ2

kj
INkj

(37)

In the CRN, all SUs receive signals with linear Minimize
Mean Square Error (MMSE) technique [15]. A matrix Mkj

is used to minimize the error of the received signal at SU kj .
ŷkj

= MH
kj
ykj

, such that:

∂(E(||ŷkj
− xki

||2))

∂Mkj

= 0 (38)

By solving equation (38), we have [15]:

Mkj
= (Gkj

GH
kj

+Rnkj
)−1Gkj

(39)

Where Rnkj
= E(nkj

nH
kj
)

Now SUs can extract their desired signals. In the next
section, simulation results will show the performance of the
system.

V. SIMULATION RESULTS

In this simulation, we used normalized power. We as-
sumed the maximum transmit powers at SUs were same (i.e.
P11 = P12 = P21 = · · · = PK2

). The transmit power
at the relay station was Pm = 2. The noise powers at the
primary system and the cognitive radio network were same
i.e.,δp1

= δp2
= δR = δj . The channels between the primary

users hp12
, hp21

, and the radio channel among the secondary
users and the relay stationHki

,Gki
, (k = 1, · · · ,K, i = 1, 2),

or from the primary users to the secondary users hkip2
,hp2i

and the relay station hp,hRp1
were all drawn from the family
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of random scalars,vectors and matrices with CSCG. Their
distributions are set to be CN (0, 1). It is assumed there were
two pairs of secondary users in the cognitive radio networks,
i.e., K = 2, n = 4, and each SU was equipped with two
antennas (Nki

= 2, k = 1, 2, i = 1, 2). The RS was assumed
to have eight antennas or more, because we want to compare
performances with different numbers of antennas at the RS.
Both the primary users were equipped with single antennas.
The SINR corresponding to the threshold of the rate γ in the
primary system was from 0 dB to 20 dB. Each simulation
result was obtained from 105 random channel realizations.

A. Rate at the relay station without CSI
Fig. 2 shows the relationship between the rate threshold in

the primary network and the rate at the RS. It can be found
in the figure that as the rate threshold at the PUs increases,
the rate at the RS decreases. Because the threshold influences
the maximum interference power at PUs, with the maximum
transmit powers are affected at SUs. When the threshold at the
PU is fixed, the 16 antennas at the RS perform better than the
12 antennas and much better than the 8 antennas. The more
antennas at the RS, the higher rate can we achieve. Because the
number of antennas at the RS increases, the degree of freedom
increases, so does the performance. However the increase in
the performance will be smaller as the number of antennas
becomes extremely larger. When the number of antennas at the
RS increases from 8 to 12, the rate improves about 2bps/Hz.
By increasing the number of antennas at the RS from 12
antennas to 16, it has only a 1bps/Hz improvement. Because
the number of antennas at the SUs is fixed, the rate will not
always increase as the number of antennas at the RS increases.
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Fig. 2. The rate at the relay station decreases as the rate threshold of the
primary system increases, with different receive antenna numbers at the relay
station (NR = 8, 12, 16, K = 4).

B. Rate at the relay station with CSI
Fig. 3 compares the two scenarios discussed in Section

IV-A. When the CSI of the PU is available to the SUs, the
transmit power at the SUs is increased as a result of the

increase in the rate at the RS. In this scenario, SUs can send
signals in the null space of the channel to the PUs, so SUs
can transmit signals at any power level as they are not limited
by the primary network. If the CSI of the PUs is not available
to the SUs, the transmit power increases to a certain value
which may cause the rate of the PU to its threshold. In that
case, the primary network would not allow the CRN to use
the spectrum. Thus, the rate at the RS will not increase as
the transmit power increases at SUs, because the SUs have to
send signal with the low powers to guarantee the tolerance of
the interference to the PUs.
In the low normalized transmitting power lower than 1, the

rate at the relay station is not easy to achieve, because the
transmit power will be wasted in the space of the PU channels.
This is why the rate is lower than the rate without the CSI of
the PUs. As the transmit power increases, the performance
improves.
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Fig. 3. The transmit power at the SUs increases from 0 to 5. The rate at
the RS is obtained under two scenarios. One is the CSI of the PUs available
to SUs, the other is without. The receive antennas at the RS is 8 and 16

respectively. The rate threshold at the PUs is 5 bps/Hz or 20 bps/H

C. Block Diagonalization
Fig. 4 illustrates the mean square error at the secondary

users using the block diagonalization method described in
Section IV-B. As the SNR increases, the channel conditions
improve and the MMSE of the signals received at the SUs
decreases. If the relay station is equipped with more antennas,
(N = 8, 12, 16), given an SNR value, the MMSE decreases.
However, as the number of antennas at the RS increases, the
improvement of the MMSE becomes smaller.

VI. CONCLUSION

In this paper, we studied a multi way relay in the cognitive
radio scenario where all of the secondary users and the
relay station are equipped with multiple antennas. In order
to maximize the throughput in the cognitive radio network
under the constraint of the threshold rate of the primary users,
we proposed an eigenvalue algorithm to design the uplink
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Fig. 4. In the second phase, the mean square error at the secondary users un-
der different SNR and different antennas at the relay station,(NR = 8, 12, 16,
K = 4)

beamforming matrix and the block diagonalization method
to deal with the downlink problem. Our simulation results
show that if the primary users send some channel information
periodically to the cognitive radio network, the interference
to the primary users from the cognitive radio network can be
suppressed. Thus, the proposed multi-antenna relay assisted
cognitive radio can not only guarantee the communication
quality of the primary users, but also improve the performance
of the cognitive radio network.
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