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Abstract—In this paper, we consider the cooperative spectrum
sensing problem for a cognitive radio (CR) mesh network, where
secondary users (SUs) are allowed to share the spectrum band
which is originally allocated to a primary users’ (PUs) network.
We propose two new cooperative spectrum sensing strategies,
called amplify-and-relay (AR) and detect-and-relay (DR), aiming
at improving the detection performance with the help of other
eligible SUs so as to agilely vacate the channel to the primary
network when the neighboring PUs switch to active state. AR
and DR strategies are periodically executed during the spectrum
sensing phase which is arranged at the beginning of each MAC
frame. Based on AR and DR strategies, we derive the closed-form
expressions of false alarm probability and detection probability
for both single-relay and multi-relay models, with or without
channel state information (CSI). Simulation results show that our
proposed strategies achieve better performance than a non-coop-
erative (or non-relay) spectrum sensing method and an existing
cooperative detection method. As expected, we observe that the
detection performance improves as the number of eligible relay
SUs increases, and furthermore, it is better for the known-CSI
case than that of the unknown-CSI case.

Index Terms—Amplify-and-relay, cognitive radio (CR), cooper-
ative spectrum sensing, detect-and-relay.

I. INTRODUCTION

C OGNITIVE radio (CR) [1]–[3] solves the spectrum con-
gestion problem by allowing secondary users (SUs) to use

the spectrum band which is originally allocated to primary users
(PUs). In traditional spectrum management mechanism, most of
the spectrum bands are exclusively allocated to a few particular
customers, which results in the exhaustion of limited frequency
resource as wireless applications grow. However, in contrast to
spectrum scarcity, spectrum utilization is often very low. Mea-
surement results show that, in the U.S., only 2% of the spectrum
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is used at any given time and location [4]. Moreover, the spec-
trum utilization efficiency in Singapore is 5% only [5]. Even
when PUs are active, there still exists an abundance of access
opportunities for SUs at the slot time level.

One feasible solution to alleviate the spectrum scarcity is op-
portunistic spectrum access (OSA), envisioned by the DARPA
XG program [6], by which SUs can use the PUs’ spectrum band
but they are required to detect the PUs’ states before their trans-
missions. Here, the detection function is fulfilled by spectrum
sensing technique. If PUs are detected, SUs will defer their
transmissions and vacate the channel to PUs, then try again later
after a predefined blocking time. Otherwise, if PUs are unde-
tected, SUs are allowed to start their transmission.

Generally, three different spectrum sensing methods are
widely used in application: matched filter, energy detection,
and cyclostationary feature detection [7]–[10]. In [10], the
advantages and disadvantages of these three techniques were
discussed in detail. However, the authors in [10], [11] showed
that the performances of these techniques are influenced by
the received signal strength, and would be severely degraded
due to multi-path fading and shadowing. Later, collaboration
methods were proposed in, e.g., [10]–[14] to improve the
overall detection probability by using either a centralized or a
distributed manner which is based on the decision fusion policy.
In a centralized manner, each SU receives the signals from
PUs, independently makes its local decision, and then send
the decision result to an anchor node or a base station (BS).
Next, BS makes a global decision and immediately response
to SUs once PUs have been detected. However, BS may locate
far away from SUs, so that it is inapplicable to implement this
global fusion mechanism. Moreover, this centralized fusion
method would be easily compromised by an attacker. On the
other hand, for a distributed manner, each SU only collects
the neighboring SUs’ decisions and makes a local decision by
itself. From the description above, we see that no matter which
manner is adopted, this majority logic-based decision fusion
policy actually cannot improve the individual detection prob-
ability. Thus, the authors in [15] and [16] considered a relay
model and proposed a cooperative spectrum sensing strategy
using data fusion policy to improve the detection performance:
the secondary transmitter first sends a message to the secondary
relay SUs, then listens to the following response signal that
consists of the messages replied by the secondary relay SUs
and the signals transmitted by the neighboring PUs, and finally
makes the detection decision based on this message interaction.
Also, they concluded that SU with higher independent detection
probability can act as a relay to help other SUs.
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In this paper, we adopt the energy detection technique and
apply the data fusion policy to cooperative spectrum sensing
under a CR mesh network, where SUs are self-organized by a
mesh network topology detailed in IEEE 802.16 [17], [18], and
allowed to use the spectrum band which is originally allocated
to a PUs’ network. To protect the PUs’ operations, SUs must
agilely vacate the channel when PUs are detected to be active.
Here, the agility of vacating the channel is scaled by a param-
eter called detection probability which is the probability that a
SU can correctly detect the active state of its neighboring PUs
when PUs are working. Considering a CR mesh network, we
propose two cooperative spectrum sensing strategies called am-
plify-and-relay (AR) and detect-and-relay (DR) to improve the
detection performance in this paper. In AR strategy, the relay SU
amplifies the received signal from PU and then directly forwards
to the secondary transmitter. On the other hand, DR strategy not
only amplifies and forwards the signal, but also involves its in-
dependent detection results to decide whether it should relay
or not. For both AR and DR, the secondary transmitter finally
makes its decision based on the resultant signals sent by the
relay SUs or PUs or both, which will be detailed in later sections.
Note that the concepts of AR and DR proposed in this paper
are implemented for energy detection, which is different with
the concepts of amplify-and-forward (AF) and decode-and-for-
ward (DF) for cooperative transmission diversity. We analyze
the performances of AR and DR for both single-relay [19] and
multi-relay models, with or without channel state information
(CSI). Moreover, we design a suitable MAC frame structure that
consists of two consecutive durations called spectrum sensing
phase and transmission phase, during which the AR or DR is im-
plemented in spectrum sensing phase, and the following trans-
mission phase is the same as the conventional packet transmis-
sion process standardized in IEEE 802.16, except that the deci-
sion whether or not to transmit is determined by the outcome of
spectrum sensing.

This paper is organized as follows. Section II introduces the
system model and the details of our proposed AR and DR strate-
gies. In Sections III and IV, considering the unknown-CSI case,
we derive the closed-form expressions of false alarm probability
and detection probability for non-cooperative (or non-relay),
single-relay, and multi-relay models, respectively, and also com-
pare the performances among them. Then, we compute the per-
formance achieved by each method for the known-CSI case in
Section V. Finally, simulation results are shown in Section VI
and conclusions are drawn in Section VII.

II. SYSTEM MODEL

The CR mesh network organized by SUs is shown in Fig. 1,
where a secondary transmitter or a mesh subscriber station
(MSS) named in IEEE 802.16, denoted by , and number
of relay MSSs, denoted by , , share the same
spectrum band with carrier frequency and bandwidth
which is originally allocated to another network organized by
PUs. We assume that the PUs’ network consists of only one
service provider, e.g., a TV or a radio station, denoted by ,
and several service users, e.g., TV or radio receivers denoted by

’s. Note that the results obtained in this paper can be easily
extended to the multi-PU case.

Fig. 1. Cooperative spectrum sensing model.

Fig. 2. MAC frame structure for our proposed strategies.

As seen in Fig. 1, since locates outside the coverage area
of a secondary access point (AP) or a mesh base station (MBS)
called in IEEE 802.16, it cannot directly communicate with this
MBS, and must transmit through one or more relay MSSs. On
the other hand, is far away from , so that its transmission
may influence the neighboring ’s operation due to its poor
detection performance. In this case, based on the CR mesh net-
work and the relay model under consideration, we propose two
cooperative spectrum sensing strategies called AR and DR to
improve ’s detection probability and well-protect the opera-
tions of the PUs’ network. We assume that SUs operate in a fixed
time division multiple access (TDMA) manner, thus spectrum
sensing can be periodically executed in the spectrum sensing
phase of each frame before the data transmission. As seen in
Fig. 2, the spectrum sensing phase consists of two time slots
and , and the transmission phase proceeds in the following
slots. In , all the ’s listen in the desired band and receive
the signal from . Next, in , each relay MSS works ac-
cording to two different strategies:

1) amplifies its received signal during and directly re-
lays to by maximum transmission power constraint,
which is called amplify-and-relay (AR);

2) firstly detects the ’s states by the received signal in
. If is undetected, keeps quiet during . Other-

wise, if is detected, proceeds to relay the received
signal, which is the same as AR. In this paper, we call this
detection strategy detect-and-relay (DR).

Here, the signal sent by relay SU during may interfere with
the neighboring ’s receiving. However, since the duration of

in the spectrum sensing process is relatively short, we assume
that this influence can be ignored. Finally, using the signals re-
ceived from ’s and during , makes its own decision
by energy detection technique. After that, broadcasts a mes-
sage containing ’s state information to notify its neighboring

’s. If is deemed to be active, the following data transmis-
sion will be suspended; otherwise, the transmission phase will
proceed as usual.



58 IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING, VOL. 5, NO. 1, FEBRUARY 2011

III. COOPERATIVE DETECTION STRATEGIES

FOR SINGLE-RELAY MODEL

In this section, we consider the single-relay model with un-
known-CSI, which means that only one relay SU, denoted by

, helps improve its detection probability. Suppose1 the re-
ceived signal-to-noise ratio (SNR) at is greater than that of

. In addition, we consider the Rayleigh fading channels and
assume that they are independent with each other.

A. Overview of Non-Cooperative Detection Method

We first introduce the non-cooperative (or non-relay) detec-
tion method, where each SU detects the PU’s states by itself. In
this case, the received signal at during a slot can be
expressed as

(1)

where denotes the ’s state, is the instantaneous channel
fading gain from to , refers to the signal sent by
during the (using QPSK, BPSK or some other modulations),
and is the complex white Gaussian noise with zero mean and
variance .

Suppose that the signal set of is given and
. Moreover, we assume for simplicity that is determined

by both distance-dependent average path loss and fading, i.e.,

, where is the distance between and ,
path-loss exponent equates to 3, i.e., a typical of a flat rural en-
vironment, and the fading coefficient is a complex Gaussian
random variable (CGRV) with zero mean and unit variance.
Thus, the variance of is given by

. Let denote the signal received from when is ac-
tive during , then we have

(2)

For energy detection, a threshold must be properly selected
to detect the ’s state , where indicates the active case,
and is the inactive case. Let be an estimated result of

at . Thus, if the power of denoted by , satisfies that
, we have ; otherwise, .

For non-cooperative case, makes a decision from stan-
dard testing with two hypotheses: (i.e., ) and (i.e.,

). From (1), it is easily verified that follows an exponen-
tial distribution. Let denote the expected power of under

. Using (2), we have

(3)

By definition, the false alarm occurs when claims the ac-
tive of under . On the other hand, detection means that

can correctly detect the active state of under . We use

1This kind of information can be known a priori through different ways, e.g.,
received signal strength indication (RSSI) based location tracking method, etc.

and to denote the false alarm probability and detection
probability of , respectively. Thus, is given by

(4)

Suppose that is fixed at a constant value .
From (4), the corresponding is obtained as

(5)

Furthermore, the detection probability can be derived by

(6)

where is the received SNR of . Suppose that all
the ’s are fixed as one in this paper; thus, we have

.
From (6), we can define a parameter as the

expected power ratio of the received signal under to that of
value under . Therefore, we see that the higher , the greater

, which results in the better for the non-cooperative (or
non-relay) case.

B. Performance of AR

AR strategy has been introduced in Section II. From (1), we
know that the received signal at during the slot is given
by

(7)

Next, amplifies the signal and then relays to during
. We use to denote the amplification factor of . Ac-

cording to maximum power constraint, is chosen as

(8)

in order to accommodate both cases and , where is the
maximum transmit power of .

Finally, the resultant signal received at is given by

(9)

where is the instantaneous channel gain from
to , and the fading coefficient is a CGRV with zero mean
and unit variance.

For a given , is a CGRV with zero mean since that ’s
and ’s are all CGRVs with zero mean. Thus, it is easily veri-
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fied that the power of , denoted by , follows an exponential
distribution. For computational simplicity, we define

(10)

as the expected channel gain from to , where is the
distance from to . Also, we define that

and (11)

Obviously, is an exponential random variable with failure rate
, i.e., ���������	
 � .

Therefore, from (9), the mean value of for a given can
be expressed as

(12)

Let denote the false alarm probability obtained by AR
strategy, thus we have

(13)

For notation simplicity, we define

(14)

as the function of with a parameter , where the subscript
1 refers to the AR strategy. Therefore, if is the same as
the value given in the non-cooperative case, the detection
threshold for AR is given by

(15)

where the superscript (1) refers to AR, and is the inverse
function of .

In a similar way, is given by

(16)

We define

(17)

Then, we have

(18)

Finally, we compare the performances of our proposed AR
strategy with another cooperative detection method proposed in
[15] and [16]. This method is briefly summarized as follows. In
time slot , transmits a message to . In , amplifies
the received message by the maximum power constraint, and
then relay back to . At last, makes its own decision based
on this message interaction at the end of .

Let and denote the false alarm probability and the
detection probability in [15] and [16], respectively. Using the
functions defined in (14) and (17), we can rewrite and
as

(19)

where ,
, is the power of the message sent from to ,

and is the corresponding threshold in [15], [16]. It is obvious
that is greater than , i.e., the amplification factor under
is greater than the value under .

Given the same value of false alarm probability , we have

(20)

Theorem 1: If , then is greater than or
equal to .

Proof: Note that is an increasing function of but
is a decreasing function of . If , from (20), we know
that for the same .

On the other hand, for , we can easily see that
since the characteristic of function

is the same as . Therefore, holds.
Remark 1: Theorem 1 only provides a sufficient condition

for . From the simulation results, we can observe

that for a large , is still much higher than . That
numerically proves the better performance of our proposed AR
strategy.

C. Performance of DR

We consider the DR strategy and analyze its performance in
this section.

As mentioned in Section II, first detects the ’s states,
and then relays only when it claims that . In this case, the
resultant signal received by at the end of is given by

(21)
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For given and , the mean value of is equal to

(22)

From (22), the false alarm probability of DR strategy denoted
by , is given by

(23)

To simplify the expression of , we define a function as

(24)

where the subscript 2 refers to DR strategy. Suppose that the
false alarm probabilities for both and are given by the
same value . Then, the detection threshold for DR is calculated
by

(25)

where is the inverse function of . Then, the detection
probability corresponding to DR strategy is given by

(26)

Moreover, we define that

(27)

thus can be expressed as

(28)

Now, we compare the detection performances between our
proposed AR strategy and DR strategy. From (15), we have

(29)

On the other hand, from (25), we have . Obvi-
ously, is a monotonically decreasing function of ; therefore,
we can conclude that .

Comparing (18) and (26), we see that the first term
is greater than ; however, the second

term is not directly comparable to .
Therefore, the comparison between the detection probabilities
of AR in (18) and DR in (28) is not straightforward. However,
if is large enough, the factor goes to 1. Then,
the first term will be the dominant part,
so that higher than can be expected. In fact, the
simulation results in later sections also demonstrate that DR
strategy outperforms AR strategy even when is relatively
small.

IV. COOPERATIVE DETECTION STRATEGIES

FOR MULTI-RELAY MODEL

In this section, we extend our proposed cooperative detection
AR and DR strategies to multi-relay model with unknown-CSI.
More than one relay SUs with higher received SNR from
and better channel gain to are competent for helping to
improve its .

A. AR for Multi-Relay Model

Considering the AR strategy, the received signal from
during at each has been given in (1). Therefore, the
resultant signal by at the end of can be expressed as

(30)

In a similar way, for given ’s, the mean value of is given by

(31)

Therefore, the false alarm probability for the multi-relay
case is given by

(32)
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and the corresponding detection probability is given by

(33)

Obviously, the expressions of in (32) and in (33)
cannot be computed straightforward since its complexity grows
exponentially with the number . To simplify the computation,
we will derive the closed-form expressions of and as
follows.

First, we rewrite and as the expectations over ’s
such that

(34)

and

(35)

Then, we define two variables:

and (36)

where and . Note that and
, and suppose that no two ’s or ’s are equal.

Since each follows the common standard exponential dis-
tribution with failure rate , and they are mutually inde-
pendent of each other, the probability density functions (pdfs)
of and are given by

(37)

and

(38)

respectively.

Substituting (37) and (38) into (34) and (35), and
are rewritten as

(39)

and

(40)

Since ’s and ’s are constant, for notational simplicity, we
define and as the functions of in (39) and (40), re-
spectively. Then, we have and .

To protect , we assume that the target is fixed at . For
AR strategy with relay SUs, the corresponding threshold is
given by . Substituting into , the detec-
tion probability is obtained as .

Theorem 2: In contrast to the non-cooperative (or non-relay)
detection method, receives higher by using the AR
strategy.

Proof: See Appendix I.
Therefore, it is reasonable to expect that AR strategy achieves

better detection performance, compared to the non-cooperative
(or non-relay) detection approach.

B. DR for Multi-Relay Model

We consider the DR strategy under multi-relay model. In ,
each receives the signal from given by (1). Based on
the DR strategy, independently makes its own decision
by comparing the power of with the threshold which is
calculated by (5), and the corresponding is given by (6).
Then, if , will amplify and relay to . On the
contrary, if , will keep quiet in . Finally, the resultant
signal at can be written as

(41)
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Using (41), for given ’s and ’s, the mean value of is
obtained as

(42)

From (42), the pdf of under denoted by is

(43)

and the pdf of under denoted by is

(44)

As seen in (43) and (44), both and consist
of possible cases that relate to ’s. Next, we will derive the
closed-form expressions of and as follows.

Define as the decision vector of ’s in .
Since there exists possible cases, varies from to

. Let denote the index number of each case, so that

. Also, we use to denote the
decision vector of the th case.

Obviously, and can be expressed as the
mixture of exponential distributions, which is composed of
sub populations in proportions
within each of which there is a constant hazard rate denoted by

. Therefore, under can be rewritten as

(45)

where denotes the
occurrence probability of the th case under , and

denotes the corresponding under .
For given ’s, is a survival function of under ; thus,
we have

(46)

Similarly, the pdf of under is given by

(47)

where and

. Then, we have

(48)

Now, we remove the conditions on ’s. From (46) and (48),
we see that only relates to ’s. Therefore, we define two
variables and as

and (49)

where and are defined similarly to and as before.
Thus, we have

(50)

and

(51)

Combining (46), (48), (50), and (51), the expressions of

and can be given by

(52)

and

(53)

Similar to the analysis in AR strategy, we define and as
the functions of given by (52) and (53), respectively; thus, we
have and . Then, the threshold



CHEN et al.: COOPERATIVE SPECTRUM SENSING STRATEGIES FOR CR MESH NETWORKS 63

for DR strategy can be computed by . Sub-
stituting into , we have .

Theorem 3: The value of the received using DR strategy
is greater than that of by AR strategy.

Proof: See Appendix II.
From Theorem 3, DR strategy is expected to perform better

than AR strategy, which can be validated by numerical method
later.

V. COOPERATIVE DETECTION STRATEGIES WITH KNOWN-CSI

In this section, we assume that CSI is known a priori by
SUs, which can be obtained by channel estimation technique
via training signals. For both AR and DR strategies, each relay

not only amplifies its received signal by the factor , but
also multiplies by a complex phase which is associated with
the channel coefficients and . Therefore, the signals re-
ceived from ’s are co-phased. We rewrite and as a polar
form that and , where and
are known and . Thus, must be
chosen as the complex conjugate of the phase , i.e.,

and .
In this case, for AR strategy is given by

(54)

As , the received power under follows an expo-
nential distribution; on the other hand, for , under
is a noncentral chi-square distributed variable with 2 degrees of
freedom and a non-centrality parameter of , where is
the received SNR at by using AR strategy. Therefore, the
mean value of is given by

(55)
Considering the fading channels, is an expo-

nentially distributed variable with failure rate

. Thus,

the corresponding for the known-CSI case is given by

(56)
where

is the pdf of , is a modified Bessel function of
the first kind, and can be calculated by definition using
(55).

On the other hand, we consider the DR strategy with known-
CSI. In this case, is given by

(57)

and the mean value of is given by

(58)
From (58), we obtain

.

In a similar way, for the known-CSI case is given by

(59)
where , and

can be derived by (58).
Theorem 4: For both AR and DR strategies, the values of

and for the known-CSI case is greater than that of the
unknown-CSI case, respectively.

Proof: See Appendix III.
From Theorem 4, we can expect that the performance of the

known-CSI case is better than that of the unknown-CSI case.

VI. SIMULATION RESULTS

Simulation results are shown to evaluate the performance of
our proposed cooperative spectrum sensing strategies in this
section. The parameters used in AR strategy and DR strategy
are listed as follows.

1) The power of signal is normalized as a unit value or 0 dB
expressed in units of decibel.

2) The maximum power constraint is equal to 0 dB.
3) The false alarm probability is set to .
4) The variance of noise is equal to 0 dB.
Moreover, we assume that , ’s, and are co-linearly

positioned, i.e., is located on the line between and so
as to achieve better detection performance than . Also,
can be modeled as .

A. Performance of Single-Relay Model

First, we consider the single-relay scenario. To compare the
detection performances of non-cooperative (or non-relay) detec-
tion method, cooperative detection method in [15] and [16] and
our proposed AR and DR strategies, we plot the curves of
versus (or SNR) as is equal to 0 dB (Fig. 3), 4 dB (Fig. 4),
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Fig. 3. Detection performances for single-relay model �� � � dB�.

Fig. 4. Detection performances for single-relay model �� � � dB�.

and 7.8 dB (Fig. 5). As seen in Figs. 3–5, both AR and DR strate-
gies perform better than the non-cooperative (or non-relay) de-
tection method and the method in [15], [16], which validates the
conclusions obtained by Theorem 1 and Theorem 2.

Moreover, in the region of lower (or SNR) received by
the relay user , we observe that the DR strategy can dramat-
ically improve the detection probability , which shows the
advantage of DR strategy that not only relays the signal, but
also involves the relay SU’s detection result, as compared to the
AR strategy. However, as increases, two curves of DR and
AR strategies almost coincide with each other, i.e., their per-
formances become the same. This is because the relay can
always make a correct decision based on higher under both

and , but becomes lower conversely so that the influ-
ence of noise cannot be ignored. Thus, it is not a surprise that
obtains the same performance of for both DR and AR. In
addition, we see that both AR and DR strategies perform better
than the non-cooperative detection method, which validates the
conclusion that the relay with higher received SNR from
and better channel gain to are competent for helping im-
prove its .

Fig. 5. Detection performances for single-relay model �� � ��� dB�.

Fig. 6. Detection performances for multi-relay model �� � � dB�.

Finally, we consider the influence of ’s position. As
moves from to , the received signal power increases,
but the channel gain decreases. Since is related to both

and , we note that the corresponding initially in-
creases until to its maximum value, and then monotonically de-
creases, as varies from 0 to 40 dB. For this reason, the max-
imum occurs when both and are relatively large as
seen in Figs. 3–5.

B. Performance of Multi-Relay Model

Next, we consider the multi-relay case. Assume that all the
’s are located closely from each other, so that the values of
’s or ’s are equal for all the ’s. Suppose that , we

compare the performances of AR and DR strategies with that of
the single-relay case.

As seen in Figs. 6–8, it is obviously seen that the performance
of the multi-relay case is better than that of the single-relay case,
and dramatically improves when is equal to 0, 4, and 7.8
dB, respectively. This verifies the conclusion that as the number
of the relay SUs with higher received SNR from and better
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Fig. 7. Detection performances for multi-relay model �� � � dB�.

Fig. 8. Detection performances for multi-relay model �� � ��� dB�.

channel gain to increases, the detection performance at
improves for both AR and DR strategies.

Moreover, as compared the performances between AR
strategy and DR strategy for , we see that DR strategy
can perform better than AR strategy. This can be explained by
the parameter . Considering the energy detection technique,
the detection performance depends on the expected power
ratio of the received signal under and that of value under

, which is due to the properties of exponential functions.
Obviously, the received for DR strategy is greater than that
of AR strategy, which has been theoretically proved in Theorem
3; thus, the better performance for DR strategy can be achieved.
Similarly, the curvilinear trend of for the multi-relay case
is the same with that of the single-relay case, which has been
explained as before.

C. Effects of Known-CSI and Unknown-CSI Cases

In Section V, we have assumed that CSI can be known by
’s, and also analyzed the corresponding performance for both

AR strategy and DR strategy. Now, we validate the analytical
results as follows. For both AR and the DR strategies, the curves
in Figs. 3–8 clearly show that with known-CSI (solid line)
is higher than that of unknown-CSI case (dotted line). More-
over, we see that DR strategy outperforms AR strategy for both
known-CSI and unknown-CSI cases. Also, in the region of
larger ’s, they can almost achieve the same performances
due to the higher value of ’s that we explained before. By
Theorem 4, we know that the received for the known-CSI
case is higher than that of the unknown-CSI case; therefore,
the detection performance can be improved as CSI is known by
SUs.

Finally, based on Theorems 2–4, the performance compar-
isons between single-relay and multi-relay models, DR and AR
strategies, known-CSI and unknown-CSI cases, clearly validate
the conclusion that the greater expected power ratio , the
better detection performance. Therefore, the performance of our
proposed cooperative spectrum sensing strategies can be im-
proved by two ways: increase the number of the eligible relay
SUs or know the CSI.

VII. CONCLUSION

In this paper, we have proposed two cooperative spec-
trum sensing strategies called amplify-and-relay (AR) and
detect-and-relay (DR) for a CR mesh networks. The frame
structure has been suitably designed, arranging AR or DR to
be executed in the spectrum sensing phase before the data
transmission. For both single-relay and multi-relay models with
known-CSI or unknown-CSI, we have derived the closed-form
expressions of the false alarm probability and the detection
probability, respectively. The simulation results show that
our proposed strategies can achieve better performance as
compared with the method proposed in [15] and [16] and the
non-cooperative (or non-relay) spectrum sensing method. We
also note that, given a target false alarm probability, the detec-
tion probability dramatically increases as the number of relay
SUs increases, and the performance is better for the known-CSI
case than that of the unknown-CSI case.

APPENDIX I
PROOF OF Theorem 2

For , , we have

(60)

Since we have assumed that only with the higher SNR is
eligible to help , can be attained.

Now, we set that , ,
and ; thus, the left-hand side in (60) is the corre-
sponding for AR strategy, and the right-hand side refers
to the non-cooperative detection case. Therefore, Theorem 2 is
proved.
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APPENDIX II
PROOF OF Theorem 3

Using (42), we have

(61)

where denotes ’s decision results under , and
and are given by (4) and (6), respectively. Moreover, the
inequality in (61) holds due to . Thus, it follows
that Theorem 3 is proved.

APPENDIX III
PROOF OF Theorem 4

For AR strategy with known-CSI, is attained by (55)

(62)

Obviously, the last equation given in (62) refers to the value of
for the unknown-CSI case.

In a similar way, using (58), for DR strategy with
known-CSI is given by

(63)

where the last equation denotes the value of for the un-
known-CSI case in (61).

From the derivation process in (62) and (63), we see that The-
orem 4 is proved.
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