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ABSTRACT
In this paper, we propose a new estimation method to obtain the
cross-channel gain, which avoids the severe interference to the pri-
mary receiver (PR) in existing relay-assisted estimation methods. In
our method, we let the cognitive transmitter add a time delay when it
conducts the full-duplex amplify-and-forward relaying. This forces
the time-difference-of-arrival (TDOA) between the direct and relay
signals to be large enough rather than randomly large or small. Then
we develop our estimation method only in the large TDOA case and
precisely control the interference to the PR. Simulation results indi-
cate that the proposed method can significantly reduce the interfer-
ence to the PR.

1. INTRODUCTION

In cognitive radio networks, it is very challenging to estimate the
cross-channel gain between the cognitive transmitter (CT) and the
primary receiver (PR) [1–3] in frequency-division duplexing (FDD)
systems. This is because the cross-channel gain can only be esti-
mated at the PR and sent back to the CT via the backhaul link be-
tween cognitive and primary systems. However, such an assumption
is not always valid.

Recently, a non-cooperative method, called proactive estima-
tion, has been introduced into cognitive radio networks [4–8], which
enables the CT to autonomously estimate the cross-channel gain in
FDD systems. However, this method may cause severe interference
to the PR since it requires the CT to send jamming signal to the PR.
Very recently, a new kind of proactive estimation methods, called
relay-assisted proactive estimation, has been proposed in [9–11] to
deal with the interference issue. Instead of sending jamming sig-
nal to the PR, the CT conducts the full-duplex amplify-and-forward
(AF) relaying to forward the primary signal to the PR. This can ef-
fectively reduce the interference to the PR. However, it requires the
time-difference-of-arrival (TDOA) between the direct and relay sig-
nals to be small enough. In fact, this may not be true since the TDOA
is actually a random variable and it is determined by the locations of
the three nodes [12–14]. For example, if the CT is located in the
segment between the PT and PR, the TDOA is small. However, if
the CT is far away from the PT and PR, the TDOA becomes large.
Therefore, the existing relay-assisted methods designed under the
small TDOA case may still cause severe interference to the PR since
the TDOA may be randomly small and large in practical systems.
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Fig. 1. System model.

In this paper, we investigate the relay-assisted cross-channel
gain estimation in FDD systems and design a new estimation method
to obtain the cross-channel gain, in which a preset interference prob-
ability to the PR can be satisfied. In our method, we let the CT
artificially add a time delay during the full-duplex AF relay. This
forces the small TDOA to be the large one no matter where the three
nodes are located. Then we can design our estimation method only
in the large TDOA case, which allows us to precisely control the
interference to the PR.

2. SYSTEM MODEL

Fig. 1 provides the system model of this paper. In the figure, the PT
serves the PR that is uniformly located inside the disk region with
the center PT and the radius R. At the same time, a CT intends to
estimate the cross-channel gain from the CT to the PR for spectrum
sharing, and the distance between the CT and the PT is r. Here, we
denote hk

√
gk (k = 0, 1, and 2) as the channel coefficients among

the three nodes, where hk and gk represent the small-scale fading
and large-scale path loss coefficients, respectively. In the small-scale
fading, the coefficient hk follows Rayleigh distribution with unit
variance. In the large-scale1 path loss [15], the coefficient gk can
be obtained by gk(dB)=−128.1−37.6 log10(l) for l ≥ 0.035 km,
where l denotes the distance between two nodes. Furthermore, we
consider the block fading channel, where the Rayleigh fading coef-
ficients are constant within each block and they are independent for
different blocks.

1To facilitate the development of the proposed method, we do not con-
sider the shadowing in our model, which allows us to obtain some important
closed-form expressions. However, in the simulation, we consider the shad-
owing to evaluate the performance of our method.
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First, we introduce the point-to-point model between the PT
and PR when the CT keeps silent. Specifically, we consider the
guaranteed primary service with close-loop power control (CLPC)2,
where the PT automatically adjusts its transmission power to main-
tain a certain target average signal-to-noise ratio (SNR) or signal-to-
interference-plus-noise ratio (SINR), denoted as γ̄T . Then, we have
the relationship between γ̄T and p0 as follows,

γ̄T =
E
[∣∣h0(j)

√
g0p0x(i,j)

∣∣2]
σ2

=
p0g0E

[
|h0 (j)|2

]
σ2

=
p0g0
σ2

. (1)

where p0 is the transmission power of the PT, x(i, j) is the transmit-
ted signal of the PT with unit power, E

[
|x(i, j)|2

]
= 1, E [·] is the

expectation operator, and i and j denote the indices of N samples
and M blocks. The corresponding average SNR at the CT can be
obtained by γ̄c0 = p0g1/σ

2.
Then, we develop the three-node relay model among the PT,

CT, and PR. When the CT acts as a full-duplex AF relay with the
amplitude gainG, the received signal of the PR has two components
with a time delay τ , i.e.,

yp(i,j)=h0(j)
√
g0p0x(i,j)︸ ︷︷ ︸

Sd(Directsignal)

+Gh2(j)
√
g2h1(j)

√
g1p0x(i−α,j−β)︸ ︷︷ ︸

Sr(Relaysignal)

+Gh2(j)
√
g2nc(i,j)+np(i,j)︸ ︷︷ ︸
N(Noise)

,

(2)
where α and β are the numbers of the sample period Ts and the
block period Tb, respectively, and τ = αTs + βTb.

Since this paper focuses on proposing the new idea and demon-
strating its feasibility, we ignore the self-interference in full-duplex
relay to facilitate the algorithm development. In Section 4, we
will evaluate the performance loss caused by the imperfect self-
interference suppression.

3. CROSS-CHANNEL GAIN ESTIMATION

3.1. Basic Principle

To control the interference to the PR, our idea is to let the CT ar-
tificially add a time delay when it conducts the full-duplex AF re-
laying. Then we can design our estimation method to meet a preset
interference probability. This is because when the CT conducts the
full-duplex AF relaying, the received signal at the PR has two com-
ponents: one is the direct signal from the PT and the other is the re-
lay signal from the CT. If the TDOA τ between the direct and relay
signals is less than the maximum allowable TDOA3 of the PR, i.e.,
τ < Tm, it is the small TDOA case. Otherwise, if the TDOA τ is
equal to or larger than the maximum allowable TDOA, i.e., τ ≥ Tm,
it is the large TDOA case. In practice, since the small and large
TDOA cases may randomly occur, the existing relay-assisted meth-
ods [9–11] designed under the small TDOA case may still cause se-
vere interference to the PR. To deal with the issue, we can design a

2This assumption has been used in the literatures on proactive estimation,
e.g., [4–8] and [16], since the CLPC has been widely adopted in modern
wireless systems.

3Generally, depending on the system bandwidth and also the signal pro-
cessing ability, the PR may only collect the received signals within a certain
time duration, which is called the maximum allowable TDOA Tm. Depend-
ing on the relationship between the maximum allowable and actual TDOAs,
the PR may treat the two signals in different ways. If τ < Tm, the PR treats
both direct and relay signals as the desired signals. If τ ≥ Tm, the PR only
treats one of them as the desired signal and the other as the interference.

Fig. 2. EGG versus the amplitude gain for different relationships
between g0 and ge.

new method for the large TDOA. However, this is not enough be-
cause the CT needs to be capable of identifying its current TDOA
and choosing the correct estimation method. To simplify the design,
our idea is to let the CT add a time delay τ ′ (τ ′≥Tm) during the full-
duplex relaying. Then we can artificially convert the small TDOA to
the large one. This allows us to design the estimation method only
in the large TDOA case and precisely control the interference to the
PR.

3.2. Estimator Design

In this subsection, we first derive the equivalent channel gain (ECG)
between the PT and PR, denoted as ge, which indicates the impacts
of the CT’s full-duplex relaying on the primary link. Then, we dis-
cuss the relationship between the original PT-PR channel gain g0 and
the ECG ge to obtain the proposed estimator.

When we add the time delay τ ′ to the full-duplex relay, the
TDOA between the direct and relay signals becomes larger than the
maximum allowable TDOA, i.e., τ ′ + τ > Tm. Then, the PR treats
the strong one (between the direct and relay signals) as the desired
signal and the other as the interference. Since either the direct signal
from the PT or the relay signal from the CT can be the strong one,
we discuss them respectively.
• Strong Direct Signal: The PR treats the direct signal as its de-

sired signal as long as the direct signal can provide higher SINR than
what the relay signal can provide. Then the ECG can be obtained by

ge =
g0
2

(
1

G2p0g1g2
σ2 +G2g2 + 1

+ 1). (3)

• Strong Relay Signal: The PR treats the relay signal as its
desired signal as long as the relay signal can provide equal or higher
SINR than what the direct signal can provide. Then the ECG can be
obtained by

ge =
G2g1g2

p0g0
σ2 +G2g2 + 1

. (4)

Theorem 1. In the large TDOA, the relay enhances the primary link
if the first hop of the relay channel is stronger than the primary chan-
nel and the amplitude gain is greater than the value G∗. Otherwise,
the relay degrades the primary link, i.e.,{

g0 < ge, if g1 > g0 and G > G∗, (5a)
g0 ≥ ge, if g1 ≤ g0 or G ≤ G∗, (5b)

where
G∗ =

√
(γ̄2
T + γ̄T )/((γ̄c0 − γ̄T ) g2). (6)
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Fig. 3. The measured SNR of the CT γ̄c1 versus the amplitude gain
G, where the target SNR of the PR is γ̄T = 10 dB.

From the above theorem4, we find that the ECG ge is equal to
the original PT-PR channel gain g0 once the amplitude gain G is
equal to the value G∗. In particular, the expression (6) indicates the
relationship among the four values, i.e., the CT amplitude gain G∗,
the PR target SNR γ̄T , the CT measured SNR γ̄c0 , and the cross-
channel gain g2. Since the variable γ̄c0 is known to the CT, we need
to obtain the first two valuables, i.e., γ̄T and G∗. Then based on (6),
the CT can estimate the cross-channel gain, i.e.,

ĝ2 =
(γ̄2
T + γ̄T )

G∗2(γ̄c0 − γ̄T )
. (7)

3.3. Interference Control

In the previous subsection, we have developed our cross-channel
gain estimator in (7), which requires the CT to conduct the full-
duplex AF relaying and autonomously obtain the two variables. In
this subsection, we discuss how to conduct the relaying and obtain
the two variables to meet a preset interference probability.

3.3.1. Conduct the Full-Duplex AF Relaying

As indicated in (5a), the CT needs to satisfy the two interference-
free conditions to conduct the relaying: 1) g1 > g0; 2) G > G∗. In
practice, since it is easy to satisfy the second condition by using a
large amplitude gain, the difficulty is to find the case that meets the
first condition.

Here, we treat the above difficulty as a detection problem by
defining H0 and H1 as the two hypotheses g1 > g0 and g1 ≤ g0,
respectively. We choose the measured SNR γ̄c0 at the CT as the test
statistic. Then, the CT can distinguish H1 and H0 according to the
following rule:

Decision result =

{
H0(g1 > g0), if γ̄c0 > η,
H1(g1 ≤ g0), if γ̄c0 ≤ η,

(8)

where η is the threshold. In this part, the interference probability to
the PR can be obtained by

PI1 = Pr{H0|H1}Pr{H1} =

∫ +∞

η

f(z)dz · r
R
, (9)

where the close-form of the probability density function (PDF) f(z)
will be presented in our journal version.

4Due to the page limit, we omit the detail proof of this theorem.

3.3.2. Obtain the Target SNR γ̄T and the Amplitude Gain G∗

We provide Fig. 3 to depict the CT measured SNR γ̄c1 during the
relaying versus the amplitude gain G. Here, we also mark the CT
measured SNR γ̄c0 before conducting the relaying for comparison.
From the figure, we observe that the SNR γ̄c1 curve is the up-side-
down version of the ECG curve in Fig. 2-(a). In particular, if γ̄c1 <
γ̄c0 , it indicates that the relay does not cause interference to the PR.
Meanwhile, when the amplitude gain is large enough, the measured
SNR γ̄c1 is equal to the target SNR γ̄T , i.e.,

lim
G→∞

γ̄c1 = lim
G→∞

g1p1
σ2

= γ̄T g1 lim
G→∞

(
1

g1
+

γ̄T+1

G2g1g2

)
= γ̄T , (10)

where p1 = σ2γ̄T /ge is the transmission power of the PT during
the relaying. Therefore, when conducting the relaying with a large
amplitude gain Gmax, where Gmax > G∗, the CT is able to obtain
the target SNR of the PR by ̂̄γT = γ̄c1(Gmax).

On the other hand, when the amplitude gain G reduces from
Gmax toG∗, the measured SNR γ̄c1 increases to γ̄c0 . Thus, it is rea-
sonable for the CT to conduct the full-duplex relaying and gradually
reduce the amplitude gain. Once a stop threshold γ̄c1 = γ̄c0 is sat-
isfied, the corresponding value G∗ can be obtained. Theoretically,
if the amplitude gain G is reduced continuously, the value G∗ can
be obtained without interfering with the PR, i.e., γ̄c1 < γ̄c0 always
holds. However, in practice, since the amplitude gain G is adjusted
by a reducing step ∆G > 0 dB, the value G∗ is actually obtained at
γ̄c1 > γ̄c0 , which introduces interference to the PR. To limit the in-
terference, we adjust the stop threshold by a coefficient 0 < K ≤ 1,
i.e., change the original threshold γ̄c0 to a new one Kγ̄c0 , which are
shown in Fig. 3. As a result, when the CT conducts the full-duplex
relaying and reduces the amplitude gain from Gmax with a reducing
step ∆G, it can obtain the value G∗ as follows{

G∗ < G, if γ̄c1 ≤ Kγ̄c0 ,
G∗ = G, if γ̄c1 > Kγ̄c0 .

(11)

In this part, the interference probability to the PR is

PI2 = Pr{γ̄c1 > γ̄c0}Pr{H0|H0}Pr{H0}. (12)

From the above analysis, we find that the CT may cause inter-
ference to the PR in two situations. The first one may occur when
the CT detects the case g1 > g0 and the corresponding interference
probability is PI1 in (9); The second one may occur when the CT ob-
tains the value G∗ and the corresponding interference probability is
PI2 in (12). Therefore, the overall interference probability becomes

PI = PI1 + PI2 = Pr{H0|H1}Pr{H1}
+ Pr{γ̄c1 > γ̄c0}Pr{H0|H0}Pr{H0}. (13)

Since the goal of this paper is to propose our idea and demon-
strate its feasibility, we use a simplified method to choose the three
parameters: First, we equally divide the overall interference proba-
bility, i.e., PI1 = PI2 = 0.5PI . Then, we obtain the threshold η
to meet the first interference probability PI1 . Based on the obtained
value η, we find the value ofK to meet the second interference prob-
ability PI2 , where the value of ∆G is set as a constant.

4. SIMULATION RESULTS

In this section, we adopt the same model as shown in Fig. 1, where
the radius of the coverage is R = 0.5 km and the PT-CT distance is
r km. In the simulation, the target SNR γ̄T is uniformly distributed
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Fig. 4. The successful estimation probabilities of different methods.

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
0

0.05

0.1

0.15

0.2

0.25

0.3

r (km)

E
s
ti
m

a
ti
o
n
 e

rr
o
r,

 φ

 

 

Proposed Method, Perfect SIS

Proposed Method, Imperfect SIS

Relay−Assisted Method, Imperfect SIS

Fig. 5. The estimation errors of different methods.

between 5 dB and 30 dB, the maximum amplitude gain is Gmax =
80 dB, the reducing step of the amplitude gain is ∆G = 0.5 dB, the
interference probability is PI = 0.1, the noise power is −114 dBm,
the numbers of blocks and samples areM = 200 andN = 100, and
the number of Monte Carlo trails is 103. For the wireless channels
among the three nodes, we consider the path loss, shadowing, and
small-scale fading. In particular, the shadowing coefficient follows
log-normal distribution with standard deviation of 4. For the full-
duplex AF relay, we also consider the impacts of the imperfect self-
interference suppression (SIS). Here we raise the noise floor at the
CT by 2 dB according to [17] and [18], in which the self-interference
can be reduced to the noise level.

To evaluate the performance, we use both the successful esti-
mation probability and the estimation error because the uncertain-
ties of the wireless channel and noise may lead to the failure of the
estimation, i.e., the estimator may output negative values. There-
fore, we define ν as the successful estimation probability, i.e., ν =
Nc/Ns, where Nc is the number of the successful estimations and
Ns is the number of Monte Carlo trails. For the number of suc-
cessful estimations, we further define φ as the estimation error, i.e.,
φ = E[|10 lg(ĝ2)− 10 lg(g2)|/10 lg(g2)].

Fig. 4 compares the successful estimation probabilities of dif-
ferent methods, where the imperfect SIS is considered. From the
figure, we observe that the successful estimation probabilities in all
curves decrease as the PT-CT distance r increases. This is reason-
able since both methods can only estimate the cross-channel gain
under the H0 case, but the prior probability Pr{H0} decreases as
the PT-CT distance r grows. Specifically, when we consider the pro-
posed method, the imperfect SIS slightly degrades the performance
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Fig. 6. Interference comparison of different methods.

by about 3% in average. When we compare the proposed method
with the one in [9] (both consider the imperfect SIS), the former
outperforms the latter in particular in the region when the PT-CT
distance is 0.15 km < r < 0.3 km.

Fig. 5 compares the estimation error of different methods, where
the imperfect SIS is also considered. From the figure, we observe
that the estimation errors of both methods are between 0.01 and
0.11. Specifically, when we consider the proposed method, the es-
timation errors with perfect and imperfect SIS are about 0.05 and
0.06, and they slightly reduce as the PT-CT distance r increases.
When we consider the relay-assisted method in [9], the estimation
error grows from about 0.01 to about 0.11 as the PT-CT distance
increases from 0.05 km to about 0.45 km. In average, both methods
obtain the similar estimation errors.

Fig. 6 compares the interference to the PR caused by different
methods, including the proposed method, the relay-assisted method
in [9], and jamming-based method in [4], where all methods have
the same estimation error and r = 0.25 km. To demonstrate the
interference to the PR, we provide the cumulative distribution func-
tion (CDF) of the PT’s power adjustment, i.e., ∆P = p1/p0, where
p0 and p1 represent the transmission powers of the PT before and
during the relaying. If ∆P in dB unit is positive, it means that the
CT causes interference to the PR and PT has to raise the power to
compensate the SNR loss. If ∆P in dB unit is negative, it means that
the CT does not cause interference to the PR. From the figure, the
relay-assisted method and the conventional jamming-based method
have about 35% and 100% probabilities to interfere with the PR. For
the proposed method, it has only about 10% interference probabil-
ity. This is because that the two existing methods do not consider the
interference issue and our method is designed under the interference
probability constraint.

5. CONCLUSIONS

In this paper, we proposed a non-cooperative relay-assisted estima-
tion method to obtain the cross-channel gain. Since we converted the
small TDOA to the large one, we can precisely control the interfer-
ence to the PR. We found that (1) by measuring the primary signal
before conducting the relaying, the cognitive user is able to detect
the potential interference to the PR that is caused by the full-duplex
AF relay; (2) by conducting the full-duplex AF relaying with a large
amplitude gain, the CT can autonomously estimate the target SNR
at the primary receiver, which is required by the proposed estimator;
(3) by comparing the estimation performance, the proposed method
has much lower interference probability than the existing ones.
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