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Abstract—A precoding strategy is one of the representative
interference management techniques in cognitive radio (CR)
network which is a typical interference-limited environment.
The interference minimization approach to precoding is an
appropriate scheme to mitigate the interference efficiently while
it may cause the capacity loss of the desired channel. The
precoding scheme for the maximal capacity of the desired channel
improves the capacity of the desired channel while it increases
the interference power and finally causes the capacity loss of
the interfered users. Therefore, we propose a precoding scheme
which satisfies these two conflicting goals and manages the
interference signal in such an interference-limited environment.
The proposed scheme consists of two steps. First, the precoder
nulls out the largest singular value of the interference channel to
mitigate the dominant interference signal based on the interfer-
ence minimization approach. Second, the transmitter calculates
the sum capacities per mode and selects a mode to maximize
the sum capacity. In the second step, each mode consists of
the right singular vectors corresponding to the singular values
except the largest singular value eliminated in the first step.
Simulation results show that the proposed precoding scheme not
only efficiently mitigate the interference signal, but also has the
best performance in terms of the sum capacity in a MIMO-based
CR network.

Index Terms—Cognitive radio, spectrum-sharing, MIMO,
multi-mode precoding, vitrual SINR

I. I NTRODUCTION

Multiple-input multiple output (MIMO)-based cognitive ra-
dio (CR) networks have been proposed in order to efficiently
utilize radio spectrum which is a limited natural resource [1]
[2] and satisfy the demand for high data rate multimedia
wireless services [3]. Therefore the MIMO-based CR networks
have recently received great attention [3] [4].

The spectrum-sharing environment of CR networks is a
typical interference-limited system in which a precoding strat-
egy is one of the representative interference management
techniques [3] [4]. In spectrum-sharing environment of CR
networks, the precoding techniques should deal with interfer-
ence problem in advance. Simultaneously, it also provides the
maximization of the sum capacity of all receivers.

In this paper, we propose an appropriate precoding scheme
for MIMO-based CR networks. The interference minimization
approach to precoding is appropriate scheme to mitigate the
interference efficiently while it may cause the capacity loss of
the desired channel. The precoding scheme for the maximal
capacity of the desired channel improves the capacity of

Fig. 1. System model for a MIMO-based CR network system.

desired channel while it increases the interference power and
finally causes the capacity loss of the interfered users. There-
fore, we propose a precoding scheme which satisfies these two
conflicting goals and manages the interference signal in such
an interference-limited environment. The proposed scheme is
a multi-mode precoding technique based on the minimization
of the interference channels. The proposed scheme consists of
two steps. First, the precoder nulls out the largest singular
value of the interference channel to mitigate the dominant
interference signal based on the interference minimization
approach. Second, the transmitter calculates the sum capacities
per mode and selects a mode to maximize the sum capacity.
In the second step, each mode consists of the right singular
vectors corresponding to the singular values except the largest
singular value eliminated in the first step. The virtual signal
to interference plus noise ratio (SINR) consists of locally
observed channel information [5], and the sum capacity can
be calculated via the virtual SINR in a distributed way using
the partial channel state information at the transmitter (CSIT)
of the interference channel. The proposed precoding scheme
can be implemented irrespective of the number of antennas at
transmitters and receivers and improves the total throughput
of a system which is the sum capacity in this paper in MIMO-
based CR networks.

II. SYSTEM MODEL AND CONVENTIONAL SCHEMES

A. System Model

We consider two transmitters, single primary receiver (PR)
and secondary receiver (SR), and each transmitter or receiver
has multiple antennas as shown in Fig. 1. The received
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signal vectors at the PR and the SR,yP and yS , are given,
respectively, as

yP =

√
ρPP

√
PPT√

MT

HPP xP +

√
ηSP

√
PST√

MT

HSPxS + nP ,

(1)

yS =

√
ρSS

√
PST√

MT

HSSxS + nS , (2)

whereMT (MR) is the number of transmit (receive) antennas
and HPP , HSS and HSP are theMR × MT channel ma-
trices between the primary transmitter (PT) and the PR, the
secondary transmitter (ST) and the SR, and, the ST and the
PR, respectively. These channels have complex entries which
independently follow complex Gaussian distribution with zero
mean and unit variance.ρPP , ρSS and ηSP are the channel
gains forHPP , HSS andHSP , respectively.PPT (PST ) is the
transmit power of the PT (ST) andxP (xS) is the transmitted
signal vector for the PT (ST). We define a transmitted signal
vector xP (xS) as an information signal vector of the PT
(ST) which hasMT independent Gaussian data streams with
E
[
xP xH

P

]
= IMT

(E
[
xSxH

S

]
= IMT

). nP (nS) is anMR×1
AWGN vector at the PR (SR) with variance ofN0/2 for each
dimension.

The capacities of the PR and the SR with a precoding vector
w at the ST,CP andCS , are given, respectively, as

CP = log2 det

(
IMR

+
ρPP PPT

MT
HPP HH

PP

·
(

ηSP PST

γw

HSPwwHHH
SP + N0IMR

)−1
)

,

(3)

CS = log2 det

(
IMR

+
ρSSPST

γw

HSSwwHHH
SS

N0

)
, (4)

whereγw is a normalization factor which is defined asγw

∆
=

E
[
‖w · xS‖2

]
= trace

(
wwH

)
.

It is assumed that the transmitters have locally observed
information of the channels. The PT and the ST have infor-
mation on the channels,HPP andHSS, respectively. Also the
ST knows the interference channelsHSP as in [3] [4] [6].

III. D ISTRIBUTED MULTI -MODE PRECODING SCHEME

BASED ON THE INTERFERENCEM INIMIZATION APPROACH

In this section, we proposed a precoding technique in CR
networks. The proposed scheme is a multi-mode precoding
technique based on the minimization of the interference chan-
nels. The proposed precoder maintains the ability to mitigate
the interference via the interference minimization approach
and guarantees the channel capacity of the desired user by the
multi-mode precoder. The conventional multi-mode precoding
scheme in [7] selects the singular value of thedesired channel
in descending order. However, the proposed multi-mode pre-
coding scheme selects the singular value of theinterference
channel in ascending order.

In this section, in order to simplify the derivation of the pro-
posed scheme, let us consider the number of receive antenna
is equal to the number of transmit antenna,MR = MT .

A. Nulling Out the Largest Interference Based on Interference
Minimization

This section introduces the first step to null out the largest
singular value of the interference channel to mitigate the domi-
nant interference signal based on the interference minimization
approach in the proposed precoder. Under the assumption of
the high SINR as in [8], (3) can be approximated as

CP ≈ log2 det

(
ρPP PPT

MT
HPPHH

PP

)

− log2 det

(
ηSP PST

γw

HSPwwHHH
SP + N0IMR

)

︸ ︷︷ ︸
α

.

(5)

Maximization ofCP can be obtained by minimizingα in (5).
Minimization of α can be obtained by letting the determinant
component ofα be zero since the logarithm function,y =
log x, is a monotonically increasing function forx which has
the minimum value of -∞ at x = 0. The determinant term of
α is given by

det

(
ηSP PST

γw

HSPwwHHH
SP + N0IMR

)

︸ ︷︷ ︸
β

= σ̃2
1 · · · σ̃2

MT
,

(6)
where σ̃2

1 , . . . , σ̃2
MT

are the singular values ofβ since β is
a symmetric matrix. To maximizeCP , at least one singular
value should have zero among the singular values ofβ. To
simplify the problem, let us assume that the high signal to
noise ratio (SNR). The approach to the low SNR case is
given in next paragraph. Thenβ can be approximated as
(ηSP PST /γw)HSPwwHHH

SP . Then the SVD ofβ is

kIHSPwwHHH
SP = kIŨΣ̃ṼH · ṼΣ̃HŨH

= kIŨΣ̃Σ̃HŨH (7)

= Ũ ·




σ̃2
1 0 0

0
. . . 0

0 0 σ̃2
MT


 · ŨH , (8)

whereŨ, Σ̃ andṼ are the SVD components ofHSPw and
kI = ηSP PST /γw. The SVD of the interference channelHSP

is given by

HSP = USP ΣSPVH
SP

= [U1 · · ·UMT
]


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σ1 0 0

0
. . . 0

0 0 σMT





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VH
1

...
VH

MT




=
[
σ1U1V

H
1 + · · · + σMT

UMT
VH

MT

]
. (9)

With the precoderw of [V1, . . . ,Vk−1,Vk+1, . . . ,VMT
] for

1 ≤ k ≤ MT , we can makeσkUkV
H
k of (9) a null matrix in
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the desired signal space, sinceVH · Vj = 0 for i 6= j and
VH ·Vj = 1 for i = j. ThenΣ̃Σ̃H of (7) is given by

Σ̃Σ̃H = diag
(
σ2

1 , ..., σ2
k−1, σ

2
k+1, ..., σ

2
MT

, 0
)
, (10)

for 1 ≤ k ≤ MT .
From (6), (7), (8) and (10),det (β) = σ̃2

1 · σ̃2
2 . . . · σ̃2

MT
= 0.

Therefore the proposed precoder can minimize the interference
power by letting at least one singular value be zero.

However, at the low SNR, (6) can be expressed by

det (β) = det
(
kI · diag

(
σ2

1 , ..., σ2
MT

)
+ N0IMR

)

=
(
kIσ

2
1 + N0

)
· · · · ·

(
kIσ

2
MT

+ N0

)
. (11)

In order to minimize (11), we should null out the singular
values as many as possible since the singular values are always
positive values. However, as the number of the eliminated
singular values by nulling out increases, the rank of the
precoder decreases so that the number of data streams the
ST can transmit also decreases. It can cause the capacity loss
at the SR. Therefore, we utilize the virtual SINR to determine
the number of singular values to eliminate by nulling out.
That is, we compare the gain for the decreased interference
power by nulling out the singular values with the loss of the
desired channel capacity by the decreased data streams. But at
least the largest one singular value should be zero to mitigate
the dominant interference signal at low SNR and perfectly
eliminate the interference signal at high SNR environment.
In conclusion, the proposed rank-m precoder (which is called
mode-m precoder in [7]) can be expressed by

wm = [VMT −m+1,VMT −m+2, . . . ,VMT
] · B · P1/2

WF , (12)

where 1 ≤ m ≤ MT − 1, Vj is the right singular
vector of the interference channelHSP for 1 ≤ j ≤ MT ,
B is the matrix composed of right singular vectorsHSS ·
[VMT −m−1,VMT −m+2, . . . ,VMT

], and PWF is the water-
filling power allocation matrix.

B. Distributed Multi-Mode Precoding Scheme via Virtual
SINR

This section introduces the second step to maximize the sum
capacity in the proposed precoder after the first precoding step.

Given the locally observed information at the ST, [5]
proposed a simple transmission scheme based on maximizing
the virtual SINR-based capacity at the transmitter. The virtual
SINR is defined as the ratio of the desired signal power
received at the desired user to the sum of noise plus a weighted
sum of the interference powers to the remaining users. In
Fig. 1, the virtual SINR,γvirtual, and the virtual SINR-based
capacity,Cv, are given by

γvirtual =

ρSSPST

γw

HSSwwHHH
SS

ηSP PST

γw

HSPwwHHH
SP + N0IMR

, (13)

Cv = log2 det (IMR
+ γvirtual)

= log2 det

(
IMR

+
ρSSPST

γw

HSSwwHHH
SS

·
(

ηSP PST

γw

HSPwwHHH
SP + N0IMR

)−1
)

,

whereγvirtual is the virtual SINR at the ST.
Let us assume that the received SINR is high, (3) and (4)

can be approximated as

CP ≈ log2 det

(
ρP P PPT

MT
HPPHH

PP

ηSP PST

γw

HSPwwHHH
SP + N0IMR

)
,

(14)

CS ≈ log2 det

(
ρSSPST

γw

HSSwwHHH
SS

N0

)
, (15)

respectively. Then the sum capacity,Csr , can be expressed as

Csr = CP + CS

≈ log2 det

{(
kP ‖HPP ‖2

kI‖HSPw‖2
+ N0I

)(
kS

‖HSSw‖2

N0

)}

= log2 det

{(
kP ‖HPP ‖2

N0

)(
kS‖HSSw‖2

kI‖HSPw‖2
+ N0I

)}

= log2 det

{(
kP ‖HPP ‖2

N0

)
· γvirtual

}
, (16)

where kP = ρPP PPT /MT , kI = ηSP PST /γw and kS =
ρSSPST /γw. Therefore, the maximum sum capacity can be
achieved by maximizing the virtual SINR-based capacity such
that we should select the precoder to have a maximum virtual
SINR-based capacity.

After applying the precoding scheme based on the interfer-
ence minimization in Section III.A, there areMT − 1 kinds
of available precoder (mode-1, 2, . . . , MT −1) we can choose.
In order to apply the multi-mode precoding scheme proposed
in [7], which uses the mutual information of the desired
channel, we have to define the mutual information,CUT , as
the virtual SINR-based capacity related information for the
selection criteria in the proposed precoding scheme. Then the
selection metricCUT and the capacity based selection criterion
can be expressed, respectively, by

CUT (wM ) = log2 det

(
IM +

ρSSPST

γw

wH
MHH

SSHSSwM

·
(

ηSP PST

γw

wH
MHH

SPHSPwM + N0I

)−1
)

,

(17)

m′ = argmax
1≤m≤MT −1

CUT (wm) . (18)

The mutual information per mode is obtained by (17). Given
MT−1 mutual information per mode, the ST finally selects the
mode corresponding to the largest mutual information,CUT ,
as (18).
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Fig. 2. Ergodic capacities for the various schemes when we varyPST at
each receiver.

IV. SIMULATION RESULTS

The proposed scheme is compared with the post-whitening
[9], pre-whitening [4] and D-SVD [3] schemes. It is assumed
that the interference channel gainηSP and the desired channel
gains, ρPP and ρSS , are equally 0dB. In addition,MT =
MR = 4. Fig. 2 and Fig. 3 show the ergodic capacities versus
PST whenPPT = 1 and SNR = 10dB at the PR.

The paper [10] established a new way of finite-rate channel
state information (CSI) feedback from the PR in a CR network.
Under the assumption of limited feedback from the PR to the
ST is available as in [10], we simulate the proposed scheme
in such a limited feedback environment. In limited feedback
of 4bit and 8bit cases, (5, 5, 6) and (85, 85, 86) codebooks
are used in (mode-1, mode-2, mode-3), respectively.

Fig. 2 and Fig. 3 show the ergodic capacities for various
precoding schemes at each receiver and sum of all receivers,
respectively. In Fig. 2, the proposed scheme outperforms the
conventional schemes at the PR while underperforms the D-
SVD or post-whitening schemes at the SR. Although the pro-
posed scheme has some loss of the desired power, it efficiently
decreases the interference power to the PR. Therefore the
proposed scheme is a suitable method to deal with interfer-
ence. In Fig. 3, the proposed scheme with the perfect CSIT
always outperforms the conventional schemes. Moreover, the
proposed scheme with 8bit limited feedback is equal to the
D-SVD with the perfect CSIT and the proposed scheme with
4bit limited feedback outperforms the pre-whitening scheme
with the perfect CSIT.

V. CONCLUSION

A multi-mode precoding scheme based on the interference
minimization is proposed in an interference-limited commu-
nication system such as MIMO-based CR networks. The
proposed precoder not only let the interference power have a
minimum effect on information signals, but also maximize the
sum capacity via the virtual SINR maximization based mode
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selection. From the simulation results, the proposed precoding
scheme is better than the pre-whitening scheme in terms of
interference suppression, and also better than the D-SVD in
terms of the total system capacity. The proposed scheme could
be an effective precoding method even in limited feedback
environment.
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