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Abstract Spectrum sharing cognitive radio aims to improve the spectrum efficiency via
sharing the spectrum band licensed to the primary user (PU) with the secondary user (SU)
concurrently provided that the interference caused by the SU to the PU is limited. The channel
state information (CSI) between the secondary transmitter (STx) and the primary receiver
(PRx) is used by the STx to calculate the appropriate transmit power to limit the interference.
We assume that this CSI is not only having channel estimation errors but also outdated due to
feedback delay, which is different from existing studies. We derive closed-form expressions
for the ergodic capacities of the SU with this imperfect CSI under the average interference
power (AIP) constraint and the peak interference power (PIP) constraint. Illustrative results
are presented to show the effects of the imperfect CSI. It is shown that the ergodic capacity
of the SU is robust to the channel estimation errors and feedback delay under high feedback
delay. It is also shown that decreasing the distance between STx and secondary receiver (SRx)
or increasing the distance between STx and PRx can mitigate the impact of the imperfect
CSI and significantly increase the ergodic capacity of the SU.

Keywords Cognitive radio · Spectrum sharing · Ergodic capacity · Channel estimation
errors · Feedback delay

1 Introduction

Spectrum sharing cognitive radio (CR) has recently been studied widely as it provides ways to
improve the spectrum efficiency by allowing the secondary user (SU) to concurrently access
the spectrum band licensed to the primary user (PU) while causing limited interference to
the latter [1]. Effective ways to protect the PU from the interference caused by the SU widely
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used include the average interference power (AIP) constraint and the peak interference power
(PIP) constraint [2].

Capacity investigation is very important in understanding the fundamental performance
limits of the spectrum sharing CR systems. In this context, a number of interesting results
have recently emerged, see for example, [3–6]. Gastpar [3] derived the capacity of differ-
ent non-fading additive white Gaussian noise (AWGN) channels under the AIP constraint.
Ghasemi and Sousa [4] showed that significant capacity gains can be achieved for Rayleigh
and Nakagami fading channels compared with the non-fading AWGN channels. Musavian
and Aissa derived the ergodic, outage and minimum-rate capacities under joint AIP and PIP
constraints in Rayleigh fading environments in [5], and further derived the effective capac-
ity under the AIP constraint in Nakagami fading channels in [6]. In those studies, the SU
is assumed to perfectly know the channel state information (CSI) between the secondary
transmitter (STx) and the primary receiver (PRx).

However, in practical communication systems, the obtained CSI is frequently imperfect
[7]. As for spectrum sharing CR systems, it is even more difficult for the SU to perfectly
acquire the CSI on the STx–PRx link [8–14]. In practice, the CSI may be obtained via a
band manager that mediates between the SU and the PU [15] or through proper signaling
between them [16]. If the SU allocates transmit power solely based on the imperfect CSI, the
PU suffers extra interference power from the SU and thus does not allow the SU to share the
spectrum. Hence, it is of paramount importance to investigate the behaviors of the SU with
the imperfect CSI on the STx–PRx link.

Capacity of the SU with the imperfect CSI was studied in [8–14]. The imperfect CSI can
be due to channel estimation errors or feedback delay. Musavian and Aissa investigated the
capacity of the SU with channel estimation errors for the CSI on the STx–PRx link under the
AIP and the PIP constraints in [8]. Duan et al. studied the capacity of the SU using maximal
ratio combining (MRC) with channel estimation errors for the CSI on the STx–PRx link under
the AIP constraint in [9]. Sboui et al. derived the ergodic capacity for fading channels under
the AIP and the instantaneous interference outage constraints with channel estimation errors
for the CSI on the STx–PRx link and secondary link in [10]. Note that [8–10] assume the
imperfect CSI on the STx–PRx link is caused by the channel estimation errors. Suraweera et
al. studied the impact of the outdated CSI due to feedback delay on the ergodic capacity of the
SU under the PIP constraint in [11]. However, they did not give the expression for the transmit
power of the SU to satisfy the interference power outage probability at the PU. In Kim et al.
[12], derived the ergodic capacity of the SU with the outdated CSI under the AIP and the
PIP constraints, and the power allocation of the SU is designed to avoid extra interference
power caused to the PU. In [13], we investigated the effective capacity of the SU under the
AIP constraint with outdated channel information and obtained closed-form expressions for
the upper and lower bounds on the effective capacity. In [14], Chen et al. derived the exact
closed-form expression for interference probability of the PU with the outdated CSI on the
STx–PRx link. It is shown that the PU’s interference probability is always equal to 75 %.
It is noted that [11–14] assume the CSI on the STx–PRx link is outdated due to feedback
delay. In practice, channel estimation errors and feedback delay exist simultaneously, and
neglecting either one of them will lead to violation of the interference power constraint at
the PU. However, to our best knowledge, taking both channel estimation errors and feedback
delay into consideration when studying the capacity of the SU has not been considered in
the literature.

Therefore, this paper investigates the ergodic capacity of the SU with the imperfect CSI
under the AIP constraint and the PIP constraint. Both channel estimation errors and feed-
back delay are considered. The power allocation schemes to cope with the violation of the
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Fig. 1 Spectrum sharing system
model

interference power constraints due to the imperfect CSI are proposed under the AIP con-
straint and the PIP constraint. Based on these proposed power allocation schemes, closed-
form expressions for the ergodic capacities of the SU are then derived. The main goal of the
work is to throw some light on the performance of the spectrum sharing CR systems with the
imperfect CSI in more practical fading environments. It is shown in [8–10] that the channel
estimation errors can have great impacts on the ergodic capacity of the SU, while it is shown
in [12–14] that the feedback delay can have negligible impacts on the ergodic capacity of
the SU under high feedback delay. In this paper, we find that the channel estimation errors
can also have trivial impacts on the ergodic capacity of the SU under high feedback delay.
Therefore, our work in this paper provide a unified view on the impacts of the channel esti-
mation errors and feedback delay on the ergodic capacity of the SU compared with existing
studies. In addition, different from [8–14], we show that the impact of the imperfect CSI on
the ergodic capacity of the SU can be mitigated by decreasing the distance between STx and
secondary receiver (SRx) or increasing the distance between STx and PRx.

In the following, the system and channel models are described in Sect. 2. The ergodic
capacity of the SU under the AIP constraint is derived in Sect. 3. Section 4 derives the
ergodic capacity of the SU under the PIP constraint. Section 5 presents numerical results to
verify the studies. Finally, Sect. 6 concludes the paper.

2 System and Channel Models

We consider a spectrum sharing CR network with one primary link and one secondary link.
The primary link consists of one primary transmitter (PTx) and one PRx, and the secondary
link consists of one STx and one secondary receiver (SRx). The primary and secondary links
share the same narrow-band for transmission with bandwidth B and noise power spectral
density N0. The STx-SRx link and the STx–PRx link are assumed to be discrete-time AWGN
fading channels. The instantaneous complex channel impulse responses of the STx-SRx link
and the STx–PRx link are hss[n] and hsp[n], respectively as shown in Fig. 1, where n
denotes the time index. We assume that hss[n] and hsp[n] are independent and are zero mean
circularly symmetric complex Gaussian (ZMCSCG) random variables with variances λss

and λsp , respectively, that is, hss[n] ∼ CN (0, λss) and hsp[n] ∼ CN (0, λsp).
The perfect knowledge of hss[n] is assumed to be available at the STx as in [8,9,11,

13]. However, hsp[n] is not perfectly known at the STx. On one hand, we use the channel
correlation coefficient to model the outdated property of the channel due to feedback delay
as [11,13]

hsp[n] = ρĥsp[n] +
√

1 − ρ2ε1, (1)

where ρ (0 ≤ ρ ≤ 1) is the channel correlation coefficient, ĥsp[n] (ĥsp[n] ∼ CN (0, λsp)) is
the outdated channel impulse response with no channel estimation errors, ε1 is CN (0, λsp)

and ε1 is uncorrelated with ĥsp[n]. Due to the time varying property of the channel, ρ reflects
the correlation of the channels and is related to the Doppler shift and the feedback delay. The
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expression of ρ depends on the propagation environment. For example, under the assumption
of uniform scattering environment, Jakes modeled ρ as ρ = J0(2π fdτ), where J0(.) is the
zeroth-order Bessel function of the first kind, fd is the Doppler shift, and τ is the feedback
delay [17]. Usually, higher τ corresponds to lower ρ.1 Therefore, the impact of τ on the
ergodic capacity of the SU can be studied by investigating the impact of ρ. It is noted that
lower channel correlation coefficient corresponds to higher feedback delay. On the other
hand, the SU is assumed to perform minimum mean square errors (MMSE) estimation of
ĥsp[n], and ĥsp[n] = h̆sp[n] + ε2 [8], where h̆sp[n] (h̆sp[n] ∼ CN (0, (1 − σ 2)λsp)) is the
outdated channel impulse response with channel estimation errors that is available at the STx,
ε2 (ε2 ∼ CN (0, σ 2λsp)) is the channel estimation errors that is uncorrelated with h̆sp[n], and
σ 2 (0 ≤ σ 2 ≤ 1) is a measure of the accuracy of the channel estimation. In the rest of the
paper, the time index n is omitted for simplicity. We denote the channel gains as gss, gsp and
ğsp , where g = |h|2. We assume that the STx knows the outdated channel impulse response
with channel estimation errors h̆sp rather than hsp . Furthermore, we assume that the STx
knows not only h̆sp but also ρ and σ 2.

3 Ergodic Capacity Under the AIP Constraint

In this section, the ergodic capacity of the SU with the imperfect CSI under the AIP constraint
is studied. First, the optimal power allocation scheme to achieve the ergodic capacity of the
SU with the imperfect CSI while also guarantees the AIP is obtained. Then, based on the
optimal power allocation scheme, we derive the ergodic capacity of the SU.

To prevent the SU from violating the AIP constraint, the AIP constraint is written as [8]

E
{
gsp P(gss, ğsp, ρ, σ 2)

} ≤ Qav, (2)

where E{.} denotes the statistical expectation, Qav is the AIP limit at the PRx, and
P(gss, ğsp, ρ, σ 2) is the transmit power of the STx. Then, according to Sect. 2, gsp =
∣
∣hsp

∣
∣2 =

∣
∣
∣ρh̆sp + ρε2 + √

1 − ρ2ε1

∣
∣
∣, and ε2 and ε1 are uncorrelated with each other and is

also uncorrelated with h̆sp . Let ε = ρε2 + √
1 − ρ2ε1 and α = 1 − (1 − σ 2)ρ2. It can be

verified that ε is CN (0, αλsp) and is also uncorrelated with h̆sp . Then, we can rewrite (2) as

Qav ≥ E

{∣
∣
∣ρh̆sp + ε

∣
∣
∣
2

P(gss, ğsp, ρ, σ 2)

}

= ρ2
E

{
ğsp P(gss, ğsp, ρ, σ 2)

} + αλspE
{

P(gss, ğsp, ρ, σ 2)
}

+ E

{
ρ(h̆spε

∗ + h̆∗
spε)P(gss, ğsp, ρ, σ 2)

}

= ρ2
E

{
ğsp P(gss, ğsp, ρ, σ 2)

} + αλspE
{

P(gss, ğsp, ρ, σ 2)
}
, (3)

where (.)∗ denotes the complex conjugate. Similar to [8,9,13], the interference from the PTx
to the SRx is assumed to be ignored or considered in the AWGN at the SRx. Therefore, the
ergodic capacity of the SU is the solution to the following optimization problem [8]:

1 For Jakes’ [17] model, the channel recorrelates after it becomes uncorrelated and the highest |ρ| is equal to
0.4. However, in Sects. 3 and 4, we show that the ergodic capacity of the SU depends on ρ2, and in Sect. 5,
we show that for 0 ≤ ρ ≤ 0.4, the ergodic capacity of the SU changes negligibly. Therefore, similar to most
of existing studies [18], we assume once ρ is equal to zero, ρ remains zero at all higher τ and 0 ≤ ρ ≤ 1.
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Cer

B
= max

P(gss ,ğsp,ρ,σ 2)
E

{
log2

(
1 + gss P(gss, ğsp, ρ, σ 2)

N0 B

)}
(4)

s.t. E
{
gsp P(gss, ğsp, ρ, σ 2)

} ≤ Qav, (5)

P(gss, ğsp, ρ, σ 2) ≥ 0. (6)

The solution of the optimization problem in (4) can be found by the Lagrangian optimization
method as [19]

P(gss, ğsp, ρ, σ 2) =
(

K

ν(ρ2 ğsp + αλsp)
− N0 B

gss

)+
, (7)

where (.)+ denotes max(., 0), K denotes the constant log2 e, e is the base of natural loga-
rithm, and ν is the Lagrangian multiplier and is determined such that the AIP constraint is
satisfied with equality. The power allocation scheme in (7) implies that the transmission of

the SU is suspended when the channel gain of STx-SRx is weaker than N0 Bν(ρ2 ğsp+αλsp)

K .
Using P(gss, ğsp, ρ, σ 2) ≥ 0 and ğsp ≥ 0, power allocation scheme can be rewritten as in

P(gss, ğsp, ρ, σ 2) =

⎧
⎪⎨

⎪⎩

K
ν(ρ2 ğsp+αλsp)

− N0 B
gss

, ğsp ≤ 1
ρ2

(
K gss
N0 Bν

− αλsp

)

and gss ≥ αλsp N0 Bν

K ,

0, otherwise.

(8)

Then, the AIP constraint is simplified by inserting (3) and (8) into (5) at equality, i.e.,

Qav =
∞∫

αλsp N0 Bν

K

1
ρ2

(
K gss
N0 Bν

−αλsp

)

∫

0

(
K

ν
− (ρ2 ğsp + αλsp)

N0 B

gss

)

× fgss (gss) fğsp (ğsp)dgssdğsp, (9)

where fx (.) denotes the probability density function (PDF) of x . By inserting fgss (gss) =
1

λss
e− gss

λss and fğsp (ğsp) = 1
(1−σ 2)λsp

e
− ğsp

(1−σ2)λsp into (9), we have

Qav

N0 B
= 1

γ
e−αβγ + βEi(−αβγ ) − (1 − α)βe

α
1−α Ei

(
−αβγ − α

1 − α

)
, (10)

where β = λsp
λss

, γ = N0 Bν
K and Ei(x) denotes the exponential integral function Ei(x) =

− ∫ ∞
−x

1
t e−t dt [20]. The parameter β represents the ratio of the STx–PRx to the STx-SRx

link mean channel gain, which is less than one in the scenario of long STx–PRx link distance
and short STx-SRx link distance. The solution for ν = Kγ

N0 B can be numerically calculated
from (10). Then, the ergodic capacity of the SU is obtained by substituting (8) into the
objective function in (4) as

Cer

B
=

∞∫

γαλsp

1
ρ2

(
gss
γ

−αλsp

)

∫

0

log2

(
gss

γ (ρ2 ğsp + αλsp)

)

× fgss (gss) fğsp (ğsp)dgssdğsp,

= K e
α

1−α Ei

(
−αβγ − α

1 − α

)
− K Ei(−αβγ ). (11)

123



1880 D. Xu et al.

Recall that α = 1 − (1 − σ 2)ρ2 and β = λsp
λss

, thus it can be seen that the ergodic capacity of
the SU depends on the channel correlation coefficient ρ, channel estimation errors variance
σ 2, and mean channel gain ratio β. It can be verified that the ergodic capacity of the SU
decreases as ρ decreases or σ 2 increases. Thus, it is important to have accurate CSI for the
SU to achieve high ergodic capacity. In addition, it can be verified that the ergodic capacity
of the SU decreases as β increases. It is expected since higher channel gain on STx–PRx link
compared to STx-SRx link will cause relatively higher interference to the PU and thus reduce
ergodic capacity of the SU. It is noted that if we set λsp = λss = 1 and ρ = 1, that is, only the
channel estimation errors is considered and mean channel gains are assumed to be unitary,
the results in (10) and (11) reduce to the expressions (11) and (13) in [8], respectively. In
addition, if we set λsp = λss = 1 and σ 2 = 0, that is, only the feedback delay is considered
and mean channel gains are assumed to be unitary, the results in (10) and (11) reduce to the
expressions (13) and (15) in [12], respectively. Therefore, our result provides a unified view
on the impacts of the channel estimation errors and feedback delay on the ergodic capacity
of the SU.

4 Ergodic Capacity Under the PIP Constraint

We now study the ergodic capacity of the SU with the imperfect CSI under the PIP constraint.
Under the PIP constraint, the STx has to guarantee that the PIP at the PRx is below a predefined
limit, as,

gsp P(gss, ğsp, ρ, σ 2) ≤ Q pk, (12)

where Q pk is the PIP limit. However, it is impossible for the STx to satisfy the constraint
(12), since the STx only knows an imperfect estimation of the channel on STx–PRx link,
ğsp . Therefore, under this strict PIP constraint, the STx has to cease transmission at all times
and hence results in zero ergodic capacity. Thus, a suitable solution is to restrict the PIP in a
statistic way. Based on this, we assume that the PU informs the SU to use a reduced value
of Q pk , i.e., Q̆ pk , so that a certain percentage of outage, P0, is allowed, which is given as
follows

Pr(gsp P(gss, ğsp, ρ, σ 2) > Q pk) ≤ P0. (13)

Therefore, the new PIP constraint is written as P(gss, ğsp, ρ, σ 2) ≤ Q̆ pk
ğsp

, and the value of

Q̆ pk needs to be determined so that the constraint (13) is satisfied. In order to obtain Q̆ pk ,

we substitute P(gss, ğsp, ρ, σ 2) = Q̆ pk
ğsp

into the constraint (13) at equality as follows

P0 = Pr

(
gsp

ğsp
>

Q pk

Q̆ pk

)

= 1 − Fgsp
ğsp

(
Q pk

Q̆ pk

)

, (14)

where Fx (.) denotes the cumulative density function (CDF) of x . The joint PDF of gsp and
ğsp is given as [18]

fgsp,ğsp (gsp, ğsp) = 1

(1 − σ 2)αλ2
sp

e
− (1−σ2)gsp+ğsp

(1−σ2)αλsp I0

(
2ρ

√
gsp ğsp

αλsp

)

, (15)
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where I0(.) is the zeroth-order modified Bessel function of the first kind [20]. Then, the PDF
of

Q pk

Q̆ pk
is calculated as

f gsp
ğsp

(x) =
∞∫

0

y fgsp,ğsp (xy, y)dy

=
∞∫

0

y

(1 − σ 2)αλ2
sp

e
− (1−σ2)xy+y

(1−σ2)αλsp J0

(
2ρ

√
x yi

αλsp

)
. (16)

The second equality in (16) is derived according to eq. (8.406.3) in [20]. With the help of eq.
(8.623.2) in [20], we simplify (16) as follows

f gsp
ğsp

(x) = α((1 − σ 2)x + 1)

(1 − σ 2)2
(

x2 +
(

2
1−σ 2 − 4ρ2

)
x + 1

(1−σ 2)2

) 3
2

. (17)

Then, the CDF of
Q pk

Q̆ pk
is given as

Fgsp
ğsp

(x) =
x∫

0

f gsp
ğsp

(y)dy

= 1

2
− 1 − (1 − σ 2)x

2(1 − σ 2)

√(
x + 1

1−σ 2

)2 − 4ρ2x

. (18)

Substituting (18) into (14), yields

P0 = 1

2
+

1 − (1 − σ 2)
Q pk

Q̆ pk

2(1 − σ 2)

√(
Q pk

Q̆ pk
+ 1

1−σ 2

)2

− 4ρ2 Q pk

Q̆ pk

. (19)

From (19), for a given P0, the value of Q̆ pk is derived as

Q̆ pk =
(

α − (1 − 2P0)
√

α(1 − (1 − σ 2)(1 − 2P0)2ρ2)

2P0(1 − P0)
+ 1 − 2α

)

× (1 − σ 2)Q pk . (20)

It is seen that the value of Q̆ pk is Q pk multiplied by a constant factor that is related to ρ, σ 2

and P0. Then, based on (20), the STx transmits power according to P(gss, ğsp, ρ, σ 2) = Q̆ pk
ğsp

which satisfies the constraint (13). Then, the ergodic capacity of the SU can be derived as

Cer

B
=

∞∫

0

∞∫

0

log2

(
Q̆ pk gss

N0 Bğsp

)
fgss (gss) fğsp (ğsp)dgssdğsp

=
∞∫

0

log2

(
Q̆ pk

N0 B
x

)
f gss

ğsp
(x)dx . (21)
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Fig. 2 Ergodic capacity of the SU against the channel estimation errors variance σ 2 under the AIP constraint
(Qav = 0 dB)

The PDF of gss
ğsp

can be calculated as

f gss
ğsp

(x) =
∞∫

0

y fgss (xy) fğsp (y)dy

= 1

(1 − σ 2)β
(

x + 1
(1−σ 2)β

)2 . (22)

Therefore, inserting (22) into (21), the ergodic capacity of the SU is expressed as

Cer

B
= η

η − 1
log2 η, (23)

where η = Q̆ pk

(1−σ 2)βN0 B
. Recall that β = λsp

λss
, thus it can be seen that, similar to the case of

the AIP constraint, the ergodic capacity of the SU under the PIP constraint depends on the
channel correlation coefficient ρ, channel estimation errors variance σ 2, and mean channel
gain ratio β. Note that if only feedback delay is considered and mean channel gains are
assumed to be unitary, that is, setting σ 2 = 0 and λsp = λss = 1, the result in (23) yields
the result in (36) in [12] where the power margin factor defined in [12] can be calculated by
Q̆ pk
Q pk

using (20).

5 Numerical Results

This section provides illustrative examples to confirm the analytical results derived in Sects.
3 and 4 and show the effects of the channel estimation errors and feedback delay on the
ergodic capacity of the SU. In the following results, we assume N0 B = 1.

Figure 2 plots the ergodic capacity of the SU under the AIP constraint against the channel
estimation errors variance σ 2 for different values of ρ and β. It is seen that the ergodic
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Fig. 3 Ergodic capacity of the SU against the channel correlation coefficient ρ under the AIP constraint
(Qav = 0 dB)

capacity increases as ρ increases. This is expected and has been verified by our analytical
results from (11). Furthermore, it is observed that, as σ 2 increases, the ergodic capacity
decreases especially when ρ is high such as 0.9. However, when ρ is low such as 0.5,
the ergodic capacity is shown to be almost unchanged as σ 2 increases. Recall that higher
feedback delay corresponds to lower ρ. This indicates that the ergodic capacity under the
AIP constraint is insensitive to the channel estimation errors when the feedback delay is high.
This observation confirms our analytical results from (11) where α = 1 − (1 − σ 2)ρ2 is
insensitive to σ 2 when ρ is low. In addition, it is seen that the ergodic capacity increases
dramatically as the mean channel gain ratio β decreases. Note that β = λsp

λss
, λss is related to

the distance between STx and SRx, and λsp is related to the distance between STx and PRx,
as modeled by the propagation pathloss model λ = −A − B log10(d) in dB [21], where A
and B are constants depending on propagation environments, and d is the distance. Thus,
decreasing the distance between STx and SRx or increasing the distance between STx and
PRx can significantly increase the ergodic capacity of the SU under the AIP constraint. In
other words, the impacts of the channel estimation errors and feedback delay on the ergodic
capacity of the SU can be mitigated by decreasing the distance between STx and SRx or
increasing the distance between STx and PRx.

Figure 3 plots the ergodic capacity of the SU under the AIP constraint against the channel
correlation coefficient ρ for different values of σ 2 and β. It is seen that the curves for
different values of σ 2 almost overlap when ρ is low. It is also seen that the ergodic capacity
is almost fixed as ρ increases in the low ρ regime such as ρ ≤ 0.5, which confirms our
assumption in Sect. 2. This indicates that the ergodic capacity under the AIP constraint is
also insensitive to the feedback delay when the feedback delay is high. This is expected since
α = 1 − (1 − σ 2)ρ2 is dominated by 1 when ρ is small.

Figure 4 plots the ergodic capacity of the SU under the PIP constraint against the channel
estimation errors variance σ 2 for different values of ρ, β and P0. It is shown that the ergodic
capacity decreases as σ 2 increases, especially when ρ is high. Similar to the ergodic capacity
under the AIP constraint, the ergodic capacity under the PIP constraint is also shown to
be insensitive to the channel estimation errors under high feedback delay. In addition, it is
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Fig. 4 Ergodic capacity of the SU against the channel estimation errors variance σ 2 under the PIP constraint
(Q pk = 0 dB)

Fig. 5 Ergodic capacity of the SU against the channel correlation coefficient ρ under the PIP constraint
(Q pk = 0 dB)

clearly seen that the ergodic capacity under the PIP constraint is smaller than that under the
AIP constraint. This is expected since the PIP constraint is stricter than the AIP constraint. It
is also seen that the ergodic capacity increases significantly as the mean channel gain ratio β

decreases, which means that decreasing the distance between STx and SRx or increasing the
distance between STx and PRx can be used to mitigate the impacts of the channel estimation
errors and feedback delay on the ergodic capacity of the SU.

Figure 5 plots the ergodic capacity of the SU under the PIP constraint against the channel
correlation coefficient ρ for different values of σ 2, β and P0. It is shown that, when ρ is low,
the curves for different values of σ 2 under a certain P0 almost overlap. It is also shown that, in
the small ρ regime such as ρ ≤ 0.4, the ergodic capacity is almost fixed as ρ increases. This
indicates that, similar to the ergodic capacity under the AIP constraint, the ergodic capacity
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under the PIP constraint is also insensitive to the feedback delay when the feedback delay is
high.

6 Conclusions

In this paper, we investigate the ergodic capacity of the SU in a spectrum sharing CR network.
In contrast to existing work, we assume that the CSI on the STx–PRx link is not only outdated
due to feedback delay but also having channel estimation errors. We derive closed-form
expressions for the ergodic capacities of the SU with this imperfect CSI under the AIP and
the PIP constraints. It is shown by numerical results that the ergodic capacity of the SU is
insensitive to the channel estimation errors and feedback delay under high feedback delay. It
is also shown that decreasing the distance between STx and SRx or increasing the distance
between STx and PRx can mitigate the impacts of the channel estimation errors and feedback
delay and significantly increase the ergodic capacity of the SU.

Acknowledgments This work was supported by the 973 Program (2009CB320400), Sino-Finland ICT
Collaborations Program (2010DFB10410) and European COST Action IC0902 Project.

References

1. Haykin, S. (2005). Cognitive radio: Brain-empowered wireless communications. IEEE Journal on
Selected Areas in Communications, 23(2), 201–220.

2. Zhang, R. (2009). On peak versus average interference power constraints for protecting primary users in
cognitive radio networks. IEEE Transactions on Wireless Communications, 8(4), 2112–2120.

3. Gastpar, M. (2004). On capacity under received-signal constraints. Communication, Control Comput: In
Annual Allerton Conf.

4. Ghasemi, A., & Sousa, E. (2007). Fundamental limits of spectrum-sharing in fading environments. IEEE
Transactions on Wireless Communications, 6(2), 649–658.

5. Musavian, L., & Aissa, S. (2009). Capacity and power allocation for spectrum-sharing communications
in fading channels. IEEE Transactions on Wireless Communications, 8(1), 148–156.

6. Musavian, L., & Aissa, S. (2010). Effective capacity of delay-constrained cognitive radio in nakagami
fading channels. IEEE Transactions on Wireless Communications, 9(3), 1054–1062.

7. Medard, M. (2000). The effect upon channel capacity in wireless communications of perfect and imperfect
knowledge of the channel. IEEE Transactions on Information Theory, 46(3), 933–946.

8. Musavian, L., & Aissa, S. (2009). Fundamental capacity limits of cognitive radio in fading environments
with imperfect channel information. IEEE Transactions on Communications, 57(11), 3472–3480.

9. Duan, R., Jantti, R., Elmusrati, M., & Virrankoski, R. (2010). Capacity for spectrum sharing cogni-
tive radios with MRC diversity and imperfect channel information from primary user. In IEEE Global
Communications Conference (GLOBECOM).

10. Sboui, L., Rezki, Z., & Alouini, M. (2013). A unified framework for the ergodic capacity of spectrum
sharing cognitive radio systems. IEEE Transactions on Wireless Communications to be published.

11. Suraweera, H. A., Smith, P. J., & Shafi, M. (2010). Capacity limits and performance analysis of cognitive
radio with imperfect channel knowledge. IEEE Transactions on Vehicular Technology, 59(4), 1811–1822.

12. Kim, H., Wang, H., Lim, S., & Hong, D. (2012). On the impact of outdated channel information on the
capacity of secondary user in spectrum sharing environments. IEEE Transactions on Wireless Communi-
cations, 11(1), 284–295.

13. Xu, D., Feng, Z., & Zhang, P. (2013). Effective capacity of delay quality-of-service constrained spectrum
sharing cognitive radio with outdated channel feedback. Science China Information Sciences. doi:10.
1007/s11432-013-4805-x.

14. Chen, J., Si, J., Li, Z., & Huang, H. (2012). On the performance of spectrum sharing cognitive relay
networks with imperfect CSI. IEEE Communications Letters, 16(7), 1002–1005.

15. Peha, J. (2005). Approaches to spectrum sharing. IEEE Communications Magazine, 43(2), 10–12.

123

http://dx.doi.org/10.1007/s11432-013-4805-x
http://dx.doi.org/10.1007/s11432-013-4805-x


1886 D. Xu et al.

16. Kang, X., Garg, H., Liang, Y.-C., & Zhang, R. (2010). Optimal power allocation for OFDM-based
cognitive radio with new primary transmission protection criteria. IEEE Transactions on Wireless Com-
munications, 9(6), 2066–2075.

17. Jakes, W. (1974). Microwave Mobile Communications. New York: Wiley.
18. Simon, M. K., & Alouini, M. S. (2000). Digital communication over fading channels. New York: Wiley.
19. Xu, D., Feng, Z., Li, Y., & Zhang, P. (2011). Outage probability minimizing power/rate control for

cognitive radio multicast networks. In IEEE Global Communications Conference (GLOBECOM).
20. Gradshteyn, I., & Ryzhik, I. (2007). Table of integrals, series, and products. Washington: Academic Press.
21. Gao, X., Zhang, J., Liu, G., Xu, D., Zhang, P., Lu, Y., et al. (2007). Large-scale characteristics of 5.25

GHz based on wideband MIMO channel measurements. IEEE Antennas and Wireless Propagation Letters,
6(6), 263–266.

Author Biographies

Ding Xu was born in China, in 1983. He received the B.Sc. degree in
electronic information engineering from Beijing Information Technol-
ogy Institute, Beijing, China, in 2001 and the M.S. degree in commu-
nication and information systems from Beijing University of Posts and
Telcommunications, Beijing, China, in 2008. From 2008 to 2009, he
was with the Nortel Networks (China), as an Engineer. Currently, he
is working toward his Ph.D degree in the Key Laboratory of Universal
Wireless Communications, Ministry of Education, Beijing University
of Posts and Telecommunications. His research interests include cog-
nitive radio networks and resource allocation for fading channels.

Zhiyong Feng received her M.S. and Ph.D. degrees from Beijing Uni-
versity of Posts and Telecommunications (BUPT), China. She is a pro-
fessor at Beijing University of Posts and Telecommunications (BUPT),
and is currently leading the Ubiquitous Network Lab in the Wireless
Technology Innovation (WTI) Institute. She is a member of IEEE and
active in standards development such as ITU-R WP5A/WP5D, IEEE
1900, ETSI and CCSA. Her main research interests include the conver-
gence of heterogeneous wireless networks, dynamic spectrum manage-
ment, joint radio resource management, cognitive wireless networks,
cross-layer design, spectrum sensing, and self-x functions.

123



Channel Estimation Errors and Feedback Delay 1887

Ping Zhang received the M.S. degree from Northwest Polytechnic
University, Xian, China, in 1986 and the Ph.D. degree from Beijing
University of Posts and Telecommunications (BUPT), Beijing, China,
in 1990, both in electrical engineering. From 1994 to 1995, he was
a Post-Doctoral Researcher in the PCS Department, Korea Telecom
Wireless System Development Center. He is now a professor of BUPT,
the director of Wireless technology innovation Institute (WTI), BUPT,
the director of Key Lab of Universal Wireless Communications, Min-
istry of Education, BUPT, as well as the vice director of JSI (Sino-
German Joint Software Institute). Prof. Zhang Ping is one of the three
draftsmen of National Key Program, member of Experts and Consul-
tants Committee of NSFC, member of Experts and Consultants Com-
mittee of 3G Mobile Technology Tests of MII and vice group leader of
Technological Expert Group of TD-SCDMA Industrial League, mem-
ber of total group in FuTURE Project of 863, vice president of China
FuTURE Forum and vice president of WWRF Vision Committee. His

research interests cover the key techniques of the Beyond 3G and 3G systems, especially in the multiple
access technique, modulation and channel coding.

123


	On the Impacts of Channel Estimation Errors  and Feedback Delay on the Ergodic Capacity  for Spectrum Sharing Cognitive Radio
	Abstract
	1 Introduction
	2 System and Channel Models
	3 Ergodic Capacity Under the AIP Constraint
	4 Ergodic Capacity Under the PIP Constraint
	5 Numerical Results
	6 Conclusions
	Acknowledgments
	References


