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Interference control (IC) between the secondary system and the primary system is an important issue for underlay cognitive radio
network (CRN).The secondary system should limit the interference power to primary system by adjusting its transmission power.
Many relevant works have been done based on the assumption of the quasistatic channel which is not suitable for the fast time-
varying fading channel; the performance of IC in underlay CRN will become worse when the channel varies fast. This paper
studies the IC issue in high mobility environment. By considering the channel state information (CSI) outdatedness, a short frame
structure scheme and amean interference power constraint scheme are proposed to reduce the influence of CSI outdatedness on IC
performance. Furthermore, by considering the channel estimation error, a spherical error region model based robust IC scheme is
designed as well. The proposed IC schemes of the secondary system are converted to the power allocation problems, and then they
are formulated to optimization problem whose objects are to maximize the capacity of the secondary system with the interference
constraints. The above optimization problems are solved by the water-filling style method. The simulation results show that the
proposed IC schemes can effectively control the interference power to the primary system.

1. Introduction

Traditionally, the different spectrum bands have been allo-
cated to different mobile communication systems, such
as Wideband Code Division Multiple Access (WCDMA)
system, Long-Term Evolution (LTE) system, and Long-
Term Evolution Advanced (LTE-A) system, by the spectrum
authorization. The fixed spectrum allocation policy is the
most convenient way for spectrum management avoiding
the interference among different communication systems.
However, the current spectrum management policies have
seriously limited the development of mobile communication
systems [1]. Cognitive network technology has been consid-
ered as a promising way to improve the spectrum efficiency.
In cognitive radio networks (CRNs), the users are divided
into two classes: primary users (PUs) and secondary users
(SUs). There are two operation types of CRNs: underlay and
interweave (overlay) CRNs. For interweave CRNs, the SUs
can use the spectrum band only if the PUs are inactive in
this band [2]. If the PUs are under heavy-load status over
long term, the SUs can hardly use the spectrum bands. To
meet the increasing quality of service (QoS) requirements of

SUs, the underlay CRNhas been proposed, which permits the
SUs to utilize the spectrum whenever the PUs are active or
idle [3]. In this case, SUs can get more freedom and better
spectrum utilization. However, to guarantee the PUs’ QoS,
the SUs should control their transmission power to avoid
interfering with the PUs.

TheunderlayCRNs require that the interference fromSUs
does not disturb the signal detection and decoding of PUs, so
the interference power should be limited under a predefined
threshold at primary receiver (PR). The interference control
(IC) plays a key role on the CRNs operation. How to maxi-
mize the capacity of the secondary system with interference
constraint is an open issue for the CRNs optimization. In
[4–7], there were several power allocation schemes with IC
constraints in underlay CRNs. The design of interference
constraints for SUs has been proposed in [8].The distribution
of interference power from SU has been discussed in [9].
In [10], Rabbachin et al. presented a statistical IC model
considering the influence of channel fading. However, most
IC schemes assumed that the wireless channel is quasistatic,
which cannot fully reflect the nature of fading channel.The IC
model with quasistatic channel assumption especially in the
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highmobility environment [11] will became invalid over time.
Recently, some researchers started to concern the impact of
the mobile fading channel for IC at SUs. Using the channel
correlation coefficient to model the channel variation, Qiu et
al. designed the interference constraints for the transmission
schemes of SUs [12]. The time variation property of channel
fading bringsmore challenges for IC in the secondary system.
For the SU, the IC design should consider the impact of
time-varying channel in differentmovement speed situations.
Furthermore, since the IC constraints design relies on the
channel state information (CSI), the channel estimation error
will lead to the failure of IC. Therefore, the CSI outdatedness
and channel estimation error should be considered for IC in
the high mobility environment.

This paper focuses on the design of IC schemes for the
secondary system in the high mobility environment. The IC
schemes of the secondary system are converted to the power
allocation problems. These problems can be formulated
to optimization problem whose objects are to maximize
the capacity of the secondary system with the interference
constraints. The contributions are fourfold. First, in order to
mitigate the influence of the CSI outdatedness, a short frame
structure for IC scheme in normal mobility environment is
proposed. The power allocation results are given by water-
filling style solutions. Second, for highmobility environment,
the IC schemes with mean interference power constraint are
proposed; then the power allocation problem is transformed
to a convex problem by Jensen’s inequality. Third, in order to
cope with the channel estimation error problem, the robust
IC scheme based on spherical error regionmodel is proposed
as well. Similar to the second IC scheme, the solution can
be given through solving the approximated convex problem.
Finally, the above three IC schemes are evaluated in different
environments. Compared with the existing schemes, the sim-
ulation results show that the proposed IC schemes can control
the interference power to the primary system effectively.

The rest of the paper is organized as follows: Section 2
describes the underlay system model. Section 3 proposes
three interference control schemes. The secondary user
power allocation schemes for IC will be analyzed in detail.
The simulation results of interference control with mobile
environment are presented in Section 4. The conclusions are
made in Section 5.

2. System Model

The system model of underlay CRN is shown in Figure 1.
The primary network has the primary base station (PBS)
and the primary user (PU) which are interfered by the
secondary base station (SBS) and the SU. The SU and the
SBS should limit their transmission power to meet the
requirement of signal to interference plus noise ratio (SINR)
at the PU and the PBS. The CSIs between the SU(SBS) and
the PBS(PU) are denoted by 𝐻

𝐼UL
and 𝐻

𝐼DL
. The 𝐻

𝑠UL
and

𝐻
𝑠DL

represent uplink and downlink CSIs of the secondary
system. The secondary devices (SU and SBS) are assumed to
be able to control their transmission power by interference
constraint using the 𝐻

𝐼UL
and 𝐻

𝐼DL
. Both primary system
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Figure 1: The underlay CR network topology.

and secondary system are orthogonal frequency division
multiplexing (OFDM) systems with time division duplexing
(TDD) and well synchronization characters. When the PU
uploads the information to the PBS in the uplink, the SU
transmits its signal to the SBS in the uplink at the same time
slot. Similar to the uplink, the downlink at the secondary
system is synchronized with the downlink at the primary
system.The SUs access the CRN by the carrier sense multiple
access with the collision avoidance (CSMA/CA) method
which prevents the collisions between SUs. Assuming that the
SU is moving (e.g., SU in a vehicle or a high speed train) and
the PU is in low mobility status, the time-varying channel
fading follows a zero-mean complex Gaussian process. The
channel state of the primary network is quasistatic, which
means that the channel state keeps steady in a frame duration.
Secondary system utilizes the CSI (𝐻

𝐼UL
and 𝐻

𝐼DL
) to design

its IC scheme to control the interference. However, between
the primary system and the secondary system, the channel
state varies from symbol to symbol. Therefore, the CSI will
be outdated in a frame duration. The relationship between
𝐻(𝑡, 𝑓) and 𝐻(𝑡 + 𝜏, 𝑓) can be described as Clark-Jakes’
model whose autocorrelation function is denoted by 𝜌(𝜏) =
𝜎
2

0
𝐽
0
(2𝜋𝑓
𝑑
𝜏), where 𝜎2

0
is the variance of the channel, 𝐽

0
(⋅)

denotes the zero-order Bessel function of the first kind, 𝑓
𝑑
is

the maximum doppler frequency, and 𝜏 is the outdated time
[13].

The channel capacity of SU at the 𝑡th symbol can be
calculated as

𝐶 (𝑡) =

𝑀

∑

𝑓=1

𝐵 log
2
(1 +

𝑃
𝑠
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨𝐻𝑠 (𝑡, 𝑓)
󵄨󵄨󵄨󵄨

2

𝑁
0
+ 𝐼
𝑝

) , (1)

where 𝐵 is the bandwidth of the secondary system, 𝐼
𝑝
is

the interference power from the primary system, 𝑁
0
is

the noise power, 𝑃
𝑠
(𝑡, 𝑓) is the transmission power of the

secondary system at the 𝑓th subband in the 𝑡th symbol
time, and 𝐻

𝑠
(𝑡, 𝑓) is the CSI of secondary link. The total

transmission power constraint is ∑𝑀
𝑓=1
𝑃
𝑠
(𝑡, 𝑓) ≤ Φ, where

𝑃
𝑠
(𝑡, 𝑓) ≥ 0, for all 𝑓. The secondary system should control

its transmission power with interference constraints while
maximizing the channel capacity 𝐶(𝑡). The influence of
CSI outdatedness is different in various movement speeds.
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Figure 2: An underlay CRN with the primary system and the
secondary system.

Furthermore, the channel estimation error cannot be avoided
in time-varying fading channel, so it may lead to the failure
of IC. Hence, how to control the interference in mobile
environment is an open issue for the secondary system. In
the following, several interference constraints are proposed
to limit the interference power to the primary system. First,
for the influence of CSI outdatedness, two IC schemes (a
short frame structure in normal mobility environment and
a mean interference power constraint) are designed in high
mobility environment. Second, to cope with the channel
estimation error, the channel estimation error on the basis of
the spherical error region model for IC is formulated.

3. The Power Allocations at Secondary System
with Interference Constraints

3.1. Traditional Interference Control Scheme. As shown in
Figure 2, the existing works assume that the channel state
keeps steady in one frame duration which does not vary
from symbol to symbol. The 𝐻

𝐼
(−𝜏
𝐼
, 𝑓) represents the CSI

between the SU and the PU which is delayed by 𝜏
𝐼
symbols.

The𝐻
𝑠
(−𝜏
𝑠
, 𝑓) represents the CSI with the secondary system

which is delayed by 𝜏
𝑠
symbols.

The interference constraint in the 𝑓th subband at the 𝑡th
symbol time is

𝐼 (𝑡, 𝑓) = 𝑃
𝑠
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨𝐻𝐼 (−𝜏𝐼, 𝑓)
󵄨󵄨󵄨󵄨

2
≤ 𝜙, ∀𝑓, (2)

where 𝜙 is the interference power threshold, which is the
maximum interference power that the primary system can
tolerate. The object of the optimization is maximizing the
channel capacity of the secondary system.Therefore, the opti-
mization problem with the interference power constraints
can be formulated as

min
{

{

{

−𝐶 (𝑡) =

𝑀
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𝐵 log
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2
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}

}

}

,

s.t.
𝑀

∑

𝑓=1

𝑃
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(F-1)

Because it is a convex optimization problem, the Lagrangian
formulation is given by
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𝑀
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(𝑡, 𝑓) − Φ) ,

(3)

where 𝛼, 𝛽, and 𝛾 are Lagrangian multipliers. The Karush-
Kuhn-Tucker (KKT) conditions are used to solve this opti-
mization problem [12]

𝜕𝐿 (𝑃
𝑠
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(4)

The water-filling style solution is

𝑃
𝑠
(𝑡, 𝑓) =

{{{{{{{

{{{{{{{

{

𝑃
𝐴1
,

𝐵

𝜇 ln 2
≥ 𝑃
𝐴1
+ 𝑃
𝐴2
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𝐵

𝜇 ln 2
− 𝑃
𝐴2
, 𝑃
𝐴2
<

𝐵

𝜇 ln 2
< 𝑃
𝐴1
+ 𝑃
𝐴2
,
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𝐵

𝜇 ln 2
≤ 𝑃
𝐴2
,

(5)

where 𝑃
𝐴1
= 𝜙/|𝐻

𝐼
(−𝜏
𝐼
, 𝑓)|
2, 𝑃
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= (𝑁
0
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𝑝
)/|𝐻
𝑠
(−𝜏
𝑠
, 𝑓)|
2,

and 𝜇 is the Lagrange multiplier.
The constant constraint with the assumption of the qua-

sistatic channel is a simplified way to control the interference
power to the primary system. The actual interference power
in the 𝑓th subband at the 𝜏th symbol is

𝐼 (𝑡, 𝑓) = 𝑃
𝑠
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨𝐻𝐼 (𝑡 + 𝜏, 𝑓)
󵄨󵄨󵄨󵄨

2
, (6)
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where 𝜏 is the number of outdated symbols. Taking the
LTE system configuration, for example, there are 14 symbols
in one frame. As shown in Figure 3, the CSI outdatedness
process can be explained by the change of the channel
correlation. The channel correlation coefficient 𝜌 decreases
from symbol to symbol, which means that the gap between
CSI and channel gain of current symbol becomes larger. The
IC schemes with the quasistatic assumption cannot track
the variation of fading channel, and, therefore, it will be
invalid over time. This transmission scheme can only ensure
the interference power under the predefined threshold in
the beginning of a frame duration. In the rest of the time,
the interference power may exceed the predefined threshold
caused by CSI outdatedness. Thus, the CSI outdatedness
should be considered in the high mobility environment.

3.2. Interference Control with Short Frame Structure. Only
considering the interference between SU and PU is not
proper for IC in underlay CRNs. As shown in Figure 1, the
secondary system needs to control the interference power to
PU and PBS. Both the primary system and the secondary

system are the TDD systems with well synchronization. For
the primary system, the SU disturbs the PBS in uplink, and
the SBSdisturbs the PU indownlink. For the channel between
primary devices and secondary devices, 𝐻

𝐼UL
(−𝜏
1
, 𝑓) and

𝐻
𝐼DL
(−𝜏
2
, 𝑓) denote that the CSI knowledge is outdated by 𝜏

1

and 𝜏
2
symbols at subband𝑓 in uplink and downlink, respec-

tively. For the channel between SU and SBS, 𝐻
𝑠UL
(−𝜏
𝑠
1

, 𝑓)

denotes that the CSI of uplink channel is outdated by 𝜏
𝑠
1

symbols at subband 𝑓, and𝐻
𝑠DL
(−𝜏
𝑠
2

, 𝑓) denotes that the CSI
of downlink channel is outdated by 𝜏

𝑠
2

symbols at subband 𝑓.
TheCSI in the highmobility environmentwill be changed

faster, which leads to more serious CSI outdatedness in
time-varying fading channel. The time-varying fading chan-
nel varies in a small range; in a short time interval, its
dynamic characteristics can be described by Clark-Jakes’
model. Therefore, a new frame structure is required to fit
the mobile environment. So, intuitively, the shorter frame
duration means the smaller outdated time with CSI. In
Figure 4, a short frame structure is proposed for IC in mobile
environment which has 7-symbol duration. Shorting the
frame length can improve the performance of IC and reduce
the interference power from SU
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The solution is

𝑃
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=
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3.3. Interference Control with Mean Interference Power Con-
straint. Considering high speed environments, such as high
speed railway system, it ismuch harder to control the interfer-
ence power 𝐼(𝑡, 𝑓) under a predefined threshold all the time
due to the fast time-varying nature of the channel. Therefore,
a mean interference power constraint based interference
control scheme is proposed to maximize the mean capacity
of the channel of the secondary system. 𝜙 is the interference
threshold, and 𝐼

𝑝
is the interference power from the primary

system. The uplink and the downlink correlation coefficients
between the SU to the PBS and the SBS to the PU are denoted
by 𝜌
𝐼UL
(𝑡) = 𝐽

0
(2𝜋𝑓
𝑑
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1
)) and 𝜌
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2
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2

)) denote the uplink and downlink channel correlation
coefficients between the SU and the SBS. Assuming that the
uplink and the downlink channels are independent rayleigh
channel, the CSI can be denoted as |𝐻

𝐼UL
(𝑡)| = |𝜇

𝑈1
(𝑡) +

𝑗𝜇
𝑈2
(𝑡)| and |𝐻

𝐼DL
(𝑡)| = |𝜇

𝐷1
(𝑡) + 𝑗𝜇

𝐷2
(𝑡)|, which can be

described as a complex Gaussian random processes and the
variance is 2𝜎2 [13].The interference constraints of the uplink
and the downlink can be described as

𝐸 [𝐼 (𝑡, 𝑓) |𝐻
𝐼UL
] = 𝑃
𝑠UL
(𝑡, 𝑓) 𝐸 [

󵄨󵄨󵄨󵄨󵄨
𝐻
𝐼UL
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨󵄨

2

] ≤ 𝜙, (8)

𝐸 [𝐼 (𝑡, 𝑓) |𝐻
𝐼DL
] = 𝑃
𝑠DL
(𝑡, 𝑓) 𝐸 [

󵄨󵄨󵄨󵄨󵄨
𝐻
𝐼DL
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨󵄨

2

] ≤ 𝜙. (9)

For time-varying fading channel, the CSI can be
expressed as

𝐻
𝑠UL
(𝑡, 𝑓) = 𝜌

𝑠UL
(𝑡)𝐻𝑠UL

(−𝜏
𝑠
1

, 𝑓) + 𝐻̃
𝑠UL
(𝑡, 𝑓) ,

𝐻
𝑠DL
(𝑡, 𝑓) = 𝜌

𝑠DL
(𝑡)𝐻𝑠DL

(−𝜏
𝑠
2

, 𝑓) + 𝐻̃
𝑠DL
(𝑡, 𝑓) ,

𝐻
𝐼UL
(𝑡, 𝑓) = 𝜌

𝐼UL
(𝑡)𝐻𝐼UL

(−𝜏
1
, 𝑓) + 𝐻̃

𝐼UL
(𝑡, 𝑓) ,

𝐻
𝐼DL
(𝑡, 𝑓) = 𝜌

𝐼DL
(𝑡)𝐻𝐼DL

(−𝜏
2
, 𝑓) + 𝐻̃

𝐼DL
(𝑡, 𝑓) ,

(10)

where 𝐻̃
𝐼UL
∼N(0, 1−𝜌2

𝐼UL
(𝑡)), 𝐻̃

𝐼DL
∼N(0, 1−𝜌2

𝐼DL
(𝑡)), 𝐻̃

𝑠UL
∼

N(0, 1 − 𝜌2
𝑠UL
(𝑡)), and 𝐻̃

𝑠DL
∼N(0, 1 − 𝜌2

𝑠DL
(𝑡)).

Then, we obtain the expected value of CSI

𝐸 [
󵄨󵄨󵄨󵄨󵄨
𝐻
𝑠UL

󵄨󵄨󵄨󵄨󵄨

2

] = 𝜌
2

𝐼UL
(𝑡)
󵄨󵄨󵄨󵄨󵄨
𝐻
𝑠
(−𝜏
𝑠
1

, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

+ (1 − 𝜌
2

𝑠UL
(𝑡)) 2𝜎

2
,

(11)

𝐸 [
󵄨󵄨󵄨󵄨󵄨
𝐻
𝑠DL

󵄨󵄨󵄨󵄨󵄨

2

] = 𝜌
2

𝐼DL
(𝑡)
󵄨󵄨󵄨󵄨󵄨
𝐻
𝑠
(−𝜏
𝑠
2

, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

+ (1 − 𝜌
2

𝑠DL
(𝑡)) 2𝜎

2
,

(12)

𝐸 [
󵄨󵄨󵄨󵄨󵄨
𝐻
𝐼UL

󵄨󵄨󵄨󵄨󵄨

2

] = 𝜌
2

𝐼UL
(𝑡)
󵄨󵄨󵄨󵄨𝐻𝐼 (−𝜏1, 𝑓)

󵄨󵄨󵄨󵄨

2
+ (1 − 𝜌

2

𝐼UL
(𝑡)) 2𝜎

2
,

(13)

𝐸 [
󵄨󵄨󵄨󵄨󵄨
𝐻
𝐼DL

󵄨󵄨󵄨󵄨󵄨

2

] = 𝜌
2

𝐼DL
(𝑡)
󵄨󵄨󵄨󵄨𝐻𝐼 (−𝜏2, 𝑓)

󵄨󵄨󵄨󵄨

2
+ (1 − 𝜌

2

𝐼DL
(𝑡)) 2𝜎

2
.

(14)

By substituting (13) and (14) into (8), power allocation with
interference constraint can be written as

𝑃
𝑠UL
≤

𝜙

𝜌
2

𝐼UL
(𝑡)
󵄨󵄨󵄨󵄨𝐻𝐼 (−𝜏1, 𝑓)

󵄨󵄨󵄨󵄨

2
+ (1 − 𝜌

2

𝐼UL
(𝑡)) 2𝜎

2

,

𝑃
𝑠DL
≤

𝜙

𝜌
2

𝐼DL
(𝑡)
󵄨󵄨󵄨󵄨𝐻𝐼 (−𝜏2, 𝑓)

󵄨󵄨󵄨󵄨

2
+ (1 − 𝜌

2

𝐼DL
(𝑡)) 2𝜎

2

.

(15)

Because the instantaneous channel capacity of the secondary
system is changed over time, in the long run, the optimization
object is the expected value of channel capacity which can be
formulated as

𝐶 = 𝐸 [𝐶UL + 𝐶DL] . (16)

The optimization formulation at the 𝑡th symbol is

min
{

{

{

−𝐸[

[

𝑀

∑

𝑓=1

𝐵 log
2
(1+

𝑃
𝑠UL
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨󵄨
𝐻
𝑠UL
(−𝜏
𝑠
1

, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

𝑁
0
+ 𝐼
𝑝

)]

]

}

}

}

+min
{

{

{

−𝐸[

[

𝑀

∑

𝑓=1

𝐵 log
2
(1+

𝑃
𝑠DL
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨󵄨
𝐻
𝑠DL
(−𝜏
𝑠
2

, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

𝑁
0
+𝐼
𝑝

)]

]

}

}

}

,
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s.t. 𝑃
𝑠UL
≤

𝜙

𝜌
2

𝐼UL
(𝑡)𝐻𝐼 (−𝜏1, 𝑓) + (1 − 𝜌

2

𝐼UL
(𝑡)) 2𝜎

2
,

𝑃
𝑠DL
≤

𝜙

𝜌
2

𝐼DL
(𝑡)𝐻𝐼 (−𝜏2, 𝑓) + (1 − 𝜌

2

𝐼DL
(𝑡)) 2𝜎

2
,

𝑀

∑

𝑓=1

𝑃
𝑠UL
(𝑡, 𝑓) ≤ Φ, −𝑃

𝑠UL
(𝑡, 𝑓) ≤ 0,

𝑀

∑

𝑓=1

𝑃
𝑠DL
(𝑡, 𝑓) ≤ Φ, −𝑃

𝑠DL
(𝑡, 𝑓) ≤ 0.

(17)

Unfortunately, the optimization function 𝐸[− log(⋅)] is non-
convex. Because the − log(⋅) is a convex function, there has
𝐸[− log(⋅)] ≥ − log(𝐸[⋅]) according to Jensen’s inequality.
Then the approximate function can be obtained 𝐸[− log(⋅)] ≈
− log(𝐸[⋅]). The approximate channel capacity of the sec-
ondary system is

𝐸 [𝐶UL + 𝐶DL]

≈min
{{

{{

{

−

𝑀

∑

𝑓=1

𝐵 log
2
(1+

𝑃
𝑠UL
(𝑡, 𝑓) 𝐸 [

󵄨󵄨󵄨󵄨󵄨
𝐻
𝑠UL
(−𝜏
𝑠
1

, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

]

𝑁
0
+ 𝐼
𝑝

)

}}

}}

}

+min
{{

{{

{

−

𝑀

∑

𝑓=1

𝐵 log
2
(1+

𝑃
𝑠DL
(𝑡, 𝑓) 𝐸[

󵄨󵄨󵄨󵄨󵄨
𝐻
𝑠DL
(−𝜏
𝑠
2

, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

]

𝑁
0
+𝐼
𝑝

)

}}

}}

}

,

s.t. 𝑃
𝑠UL
≤

𝜙

𝜌
2

𝐼UL
(𝑡)𝐻𝐼 (−𝜏1, 𝑓) + (1 − 𝜌

2

𝐼UL
(𝑡)) 2𝜎

2
,

𝑃
𝑠DL
≤

𝜙

𝜌
2

𝐼DL
(𝑡)𝐻𝐼 (−𝜏2, 𝑓) + (1 − 𝜌

2

𝐼DL
(𝑡)) 2𝜎

2
,

𝑀

∑

𝑓=1

𝑃
𝑠UL
(𝑡, 𝑓) ≤ Φ, −𝑃

𝑠UL
(𝑡, 𝑓) ≤ 0,

𝑀

∑

𝑓=1

𝑃
𝑠DL
(𝑡, 𝑓) ≤ Φ, −𝑃

𝑠DL
(𝑡, 𝑓) ≤ 0.

(F-3)

The solutions are

𝑃
𝑠UL
=

{{{{{{{

{{{{{{{

{

𝑃
𝐶1
,

𝐵

𝜇 ln 2
≥ 𝑃
𝐶1
+ 𝑃
𝐶2
,

𝐵

𝜇 ln 2
− 𝑃
𝐶2
, 𝑃
𝐶2
<

𝐵

𝜇 ln 2
< 𝑃
𝐶1
+ 𝑃
𝐶2
,

0,
𝐵

𝜇 ln2
≤ 𝑃
𝐶2
,

𝑃
𝑠DL
=

{{{{{{{

{{{{{{{

{

𝑃
𝐶3
,

𝐵

𝜇 ln 2
≥ 𝑃
𝐶3
+ 𝑃
𝐶4
,

𝐵

𝜇 ln 2
− 𝑃
𝐶4
, 𝑃
𝐶4
<

𝐵

𝜇 ln 2
< 𝑃
𝐶3
+ 𝑃
𝐶4

0,
𝐵

𝜇 ln 2
≤ 𝑃
𝐶4
,

,

(18)

where 𝑃
𝐶1
= 𝜙/(𝜌

2

𝐼UL
(𝑡)𝐻
𝐼
(−𝜏
1
, 𝑓) + (1 − 𝜌

2

𝐼UL
(𝑡))2𝜎

2
), 𝑃
𝐶2
=

(𝑁
0
+ 𝐼
𝑝
)/(𝜌
2

𝑠UL
(𝑡)𝐻
𝑠
(−𝜏
𝑠
1

, 𝑓) + (1 − 𝜌
2

𝑠UL
(𝑡))2𝜎

2
), 𝑃
𝐶3

=

𝜙/(𝜌
2

𝐼DL
(𝑡)𝐻
𝐼
(−𝜏
2
, 𝑓) + (1 − 𝜌

2

𝐼DL
(𝑡))2𝜎

2
), and 𝑃

𝐶4
= (𝑁

0
+

𝐼
𝑝
)/(𝜌
2

𝑠DL
(𝑡)𝐻
𝑠
(−𝜏
𝑠
2

, 𝑓) + (1 − 𝜌
2

𝑠DL
(𝑡))2𝜎

2
).

3.4. Interference Control with the Channel Estimation Error.
Since the channel estimation error of time-varying chan-
nel cannot be neglected, the estimated CSI between the
secondary system and the primary system is imperfect. If
the transmission power allocation scheme for the secondary
system relies on the imperfect channel estimation result, the
interference constraint will be

𝐼 (𝑡, 𝑓) = 𝑃
𝑠
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨󵄨
𝐻̂
𝐼
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨󵄨

2

< 𝜙. (19)

Then, the optimized transmission power of the secondary
system (𝑃∗

𝑠
) with the channel estimation errormay lead to the

interference problem for primary system. The variance value
of channel estimation error is 𝜎2

𝑒
.

The actual interference power is

𝐼 (𝑡, 𝑓) = 𝑃
∗

𝑠
(𝑡, 𝑓) {

󵄨󵄨󵄨󵄨󵄨
𝐻̂
𝐼
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨󵄨

2

+ 𝜎
2

𝑒
} . (F-4)

The interference powermay exceed the interference threshold
with the imperfect channel estimation result.

The estimation error is modeled as the spherical region
||𝑒
𝐼
|| < 𝜎
𝑒
, where the𝜎

𝑒
is themaximumradius of error bound

[14]. The channel model is described by 𝐻
𝐼UL
(𝑡, 𝑓) = 𝐻̂

𝐼UL
+

𝑒
𝐼UL

and𝐻
𝐼DL
(𝑡, 𝑓) = 𝐻̂

𝐼DL
+ 𝑒
𝐼DL
, where 𝐻̂

𝐼UL
and 𝐻̂

𝐼DL
are the

estimated values of uplink and downlink channels, and 𝑒
𝐼UL

and 𝑒
𝐼DL

are the channel estimation errors.The variance value
of the channel estimation error in uplink is assumed to be
equal to the variance value of downlink channel estimation
error, which can be uniformly denoted by 𝜎2

𝑒
.

The mean interference power constraint with imperfect
CSI knowledge can be expressed as

𝐸 [𝐼 (𝑡, 𝑓) |𝐻
𝐼UL
] = 𝑃
𝑠
(𝑡, 𝑓) 𝐸 [

󵄨󵄨󵄨󵄨󵄨
𝐻
𝐼UL
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨󵄨

2

]

= 𝑃
𝑠
(𝑡, 𝑓) 𝐸 [

󵄨󵄨󵄨󵄨󵄨
𝐻̂
𝐼UL
(𝑡, 𝑓)

󵄨󵄨󵄨󵄨󵄨

2

+ 𝜎
2

𝑒
]

= 𝑃
𝑠
(𝑡, 𝑓) {𝜌

2

𝐼UL
(𝑡)
󵄨󵄨󵄨󵄨󵄨
𝐻̂
𝐼UL
(−𝜏
1
, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

+ (1 − 𝜌
2

𝐼UL
(𝑡)) 2𝜎

2
+ 𝜎
2

𝑒
}

≤ 𝜙,
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𝐸 [𝐼 (𝑡, 𝑓) |𝐻
𝐼DL
] = 𝑃
𝑠
(𝑡, 𝑓) {𝜌

2

𝐼DL
(𝑡)
󵄨󵄨󵄨󵄨󵄨
𝐻̂
𝐼DL
(−𝜏
2
, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

+ (1 − 𝜌
2

𝐼DL
(𝑡)) 2𝜎

2
+ 𝜎
2

𝑒
} ≤ 𝜙.

(20)

The mean capacity of the SU can be described as

𝐸 {𝐶UL (𝑡) + 𝐶DL (𝑡)}

≈min
{{

{{

{

−𝐵

𝑀

∑

𝑓=1

log
2
(1+

𝑃
𝑠UL
(𝑡, 𝑓) 𝐸[

󵄨󵄨󵄨󵄨󵄨
𝐻̂
𝑠UL
(−𝜏
𝑠1
, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

]

𝑁
0
+ 𝐼
𝑝

)

}}

}}

}

+min
{{

{{

{

−𝐵

𝑀

∑

𝑓=1

log
2
(1+

𝑃
𝑠DL
(𝑡, 𝑓) 𝐸[

󵄨󵄨󵄨󵄨󵄨
𝐻̂
𝑠DL
(−𝜏
𝑠2
, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

]

𝑁
0
+ 𝐼
𝑝

)

}}

}}

}

,

(21)

s.t. 𝑃
𝑠UL
{𝜌
2

𝐼UL
(𝑡)
󵄨󵄨󵄨󵄨󵄨
𝐻̂
𝐼UL
(−𝜏
1
, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

+(1−𝜌
2

𝐼UL
(𝑡)) 2𝜎

2
+ 𝜎
2

𝑒
} ≤ 𝜙,

𝑃
𝑠DL
{𝜌
2

𝐼DL
(𝑡)
󵄨󵄨󵄨󵄨󵄨
𝐻̂
𝐼DL
(−𝜏
2
, 𝑓)
󵄨󵄨󵄨󵄨󵄨

2

+(1−𝜌
2

𝐼DL
(𝑡)) 2𝜎

2
+ 𝜎
2

𝑒
} ≤ 𝜙,

𝑀

∑

𝑓=1

𝑃
𝑠UL
(𝑡, 𝑓) ≤ Φ, −𝑃

𝑠UL
(𝑡, 𝑓) ≤ 0,

𝑀

∑

𝑓=1

𝑃
𝑠DL
(𝑡, 𝑓) ≤ Φ, −𝑃

𝑠DL
(𝑡, 𝑓) ≤ 0.

(F-5)
The solution is

𝑃
𝑠UL
(𝑡, 𝑓) =

{{{{{{{

{{{{{{{

{

𝑃
𝐷1
,

𝐵

𝜇 ln 2
≥ 𝑃
𝐷1
+ 𝑃
𝐷2
,

𝐵

𝜇 ln 2
− 𝑃
𝐷2
, 𝑃
𝐷2
<

𝐵

𝜇 ln 2
< 𝑃
𝐷1
+ 𝑃
𝐷2
,

0,
𝐵

𝜇 ln2
≤ 𝑃
𝐷2
,

𝑃
𝑠DL
(𝑡, 𝑓) =

{{{{{{{

{{{{{{{

{

𝑃
𝐷3
,

𝐵

𝜇 ln 2
≥ 𝑃
𝐷3
+ 𝑃
𝐷4
,

𝐵

𝜇 ln 2
− 𝑃
𝐷4
, 𝑃
𝐷2
<

𝐵

𝜇 ln 2
< 𝑃
𝐷3
+ 𝑃
𝐷4
,

0,
𝐵

𝜇 ln 2
≤ 𝑃
𝐷4
,

(22)

where 𝑃
𝐷1
= 𝜙/(𝜌

2

𝐼UL
(𝑡)|𝐻̂
𝐼UL
(−𝜏
1
, 𝑓)|
2
+ (1−𝜌

2

𝐼UL
(𝑡))2𝜎

2
+𝜎
2

𝑒
),

𝑃
𝐷2
= (𝑁
0
+𝐼
𝑝
)/(𝜌
2

𝐼UL
(𝑡)|𝐻̂
𝑠UL
(−𝜏
𝑠
1

, 𝑓)|
2
+(1−𝜌

2

𝑠UL
(𝑡))2𝜎

2
+𝜎
2

𝑒
),

𝑃
𝐷3
= 𝜙/(𝜌

2

𝐼DL
(𝑡)|𝐻̂
𝐼DL
(−𝜏
2
, 𝑓)|
2
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𝜇 is the Lagrange multiplier.

4. Simulation Results

In this section, we compare the interference control perfor-
mance using different interference constraints. The primary
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Figure 5: The mean interference power with different movement
speeds.

system and secondary system have 512 subcarriers which are
divided into 16 subbands. The carrier frequency is 2GHz,
and the subcarrier spacing is 15 kHz. Each OFDM symbol of
duration is 71.355 𝜇s. We set the time delay 𝜏

𝑠
1

= 0, 𝜏
𝑠
2

= 0,
𝜏
1
= 0, and 𝜏

2
= 0.

The time-varying fading channel has 16 uncorrelated
Rayleigh fading taps; each tap has 3 dB decay factor.The time-
varying fading channel is described by Clark-Jakes’ model.
Thenoise power is𝑁

0
= 1.We set𝜎2 = 0.5, and themaximum

transmission power with secondary system is Φ = 64. The
predefined interference threshold is 𝜙 = 2, 𝐼

𝑝
= 10. The

variance of channel estimation error is 𝜎2
𝑒
= 0.1.

We compare the performance of the different IC schemes
in mobile environment. The mean interference power is
shown in Figure 5. Since the traditional IC (F-1) is designed
based on the assumption of quasistatic channel, the inter-
ference constraints are only validated in motionless or slow
movement condition (less than 30 km/h). As the increased
movement speed, the interference power will exceed the
interference threshold rapidly. The short frame structure
(F-2) can guarantee the interference power under the inter-
ference threshold under 250 km/h, but the performance of
IC becomes worse rapidly when speed approaches 500 km/h.
The (F-3) curve shows the IC performance of the mean inter-
ference power constraint in time-varying fading channel; the
secondary system limits their transmission power in uplink
and downlink.The highermovement speed will lead to worse
IC performance. Comparing the three different constraints,
the secondary system should adopt the mean interference
constraint in high mobility environment to satisfy the QoS
demand primary system.

The interference power changes from symbol to symbol
in the time-varying fading channel at 300 km/h as shown
in Figure 6. The channel correlationship can be described
by Clark-Jakes’ model which follows the 0th order Bessel
function 𝐽

0
; the channel correlation coefficient 𝜌 is a variable

of timewhich has been shown in Figure 3. Since the proposed
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Figure 6: The interference power per symbol at primary receiver.
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Figure 7: Mean interference power at the primary receiver.

interference constraints are impacted by 𝜌2, the performance
of the interference constraint is related to the change of
the channel correlation coefficient. The value of 𝜌2 will
decrease from 1 to 0 in the first 9 symbols and then increase
from the 10th symbol. Therefore, as shown in Figure 6,
the trend of the interference power has the convex and
wavy features. The traditional IC constraint with quasistatic
assumption (F-1) cannot reflect the variation of the time-
varying channel. The interference constraint cannot ensure
the interference power under threshold after 2 symbols, and
the maximum interference power is above 3.6. As the curve
(F-2) is shown, the interference power seriously decreases at
the 8th symbol which means that the short frame structure
can lead to more frequently IC than standard frame length.
The IC performance with short frame structure is better than
traditional way to constrain the interference power. However,
the communication overhead of short frame IC is twice
as much as standard frame structure, which spends more
time on channel estimation, thus wasting the opportunity

of data transmission. When the channel state changes fast,
it is impossible to control the interference by shorting the
frame length unlimitedly. To cope with the IC problem in
high mobility environment, the IC with mean interference
constraint can be seen as a more effective way to control the
interference power. The performance of IC with mean inter-
ference power constraint (F-3) shows that it perfectly limits
the interference power under the interference threshold.

Considering the influence of the channel estimation error,
the performance of different IC schemes at 300 km/h is shown
in Figure 7. Because of the IC relies on the accuracy CSI, the
influence of estimation error with CSI cannot be ignored.
The actual interference power may exceed the interference
threshold with the error-existed CSI. It is observed that the
IC scheme which considers the mean interference constraint
with imperfect channel estimation (F-4)may become invalid
after several symbols. From the results shown in Figure 7,
it can be found that constraining the interference power
with considering the maximum radius of error bound is
a conservative IC scheme. The interference power can be
limited under the interference threshold within error-existed
CSI. The results show that our proposed scheme is robust
when the channel estimation error exists.

5. Conclusion

In underlay CRNs, limiting the interference power to the
primary system is an important topic for the secondary
system optimization. The existing IC schemes were based
on the quasistatic channel assumption, but the variation of
channel in a frame duration cannot be neglected in the
high mobility environment. In this paper, we have developed
the IC schemes in mobile environment considering the
influence of the time-varying fading channel and the channel
estimation error. The proposed approaches can limit the
interference power under the predefined interference thresh-
old in the mobile environment. Future directions include
the IC schemes with the assumption of nonsynchronous
transmission process between the primary system and the
secondary system and the multiple antennas IC schemes in
mobile environment.
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