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Abstract

The performance of adaptive modulation for cognitive radiowith opportunistic access is analyzed

by considering the effects of spectrum sensing, primary user traffic and time delay for Nakagami-m

fading channels. Both the adaptive continuous rate scheme and the adaptive discrete rate scheme are

considered. Numerical examples are presented to quantify the effects of spectrum sensing, primary user

traffic and time delay for different system parameters.
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I. I NTRODUCTION

Adaptive modulation is effective in increasing the link spectral efficiency for communications

over fading channels [1] - [4]. On the other hand, cognitive radio has been proposed as one

of the most promising solutions to the problem of "spectrum scarcity" [5]. Applying adaptive

modulation to cognitive radio provides much flexibility. Several issues may arise compared with

conventional adaptive modulation [1] - [4]. First, although the licensed channel is deemed as

unoccupied by spectrum sensing during the first part of the frame, the licensed user of the

channel or the primary user may come back at any time in the second part of the frame when

the data of the cognitive radios’ are being transmitted. In this case, the signal-to-noise ratio

(SNR) in the channel may change due to the appearance of the primary user. Second, there is

a possibility that spectrum sensing will make a misdetection such that the licensed channel is

deemed unoccupied while the primary user is actually transmitting. There is also a possibility

that spectrum sensing will make a false alarm such that the licensed channel is deemed occupied

while the primary user is actually absent. In this case, extra interferences may be considered for

the adaptive modulation of the cognitive radio user. Therefore, it is of great interest to study

these effects on adaptive modulation for cognitive radios.

In [6], adaptive modulation in an underlay cognitive radio system was studied to optimize the

transmitter rate and power. In [7] and [8], the effect of primary user (PU) traffic on cognitive radio

performance was investigated. In [9], spectral efficiency for adaptive modulation in cognitive

radio was analyzed and a cross-layer design was proposed butimperfect spectrum sensing and PU

traffic were not considered. In [10], optimization for cognitive radio transmission using adaptive

modulation was performed by considering an underlay system, not an interweave system used

in this paper. In [11], the capacity gain offered by adaptivemodulation in cognitive radio was

analyzed for an underlay system. All these works either analyze an underlay system or ignore

adaptive modulation or ignore PU traffic and imperfect spectrum sensing.

In this letter, we evaluate the effects of spectrum sensing,PU traffic and time delay on the
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performance of adaptive modulation for an interweave cognitive radio system with opportunistic

access to the licensed channel that experiences Nakagami-m fading. Both the bit error rate (BER)

and the link spectral efficiency (SE) are investigated. The BER evaluation shows the variation

of the actual BER from the target BER due to channel mismatch in adpative modulation and

therefore, is also useful, as studied previously [1] - [4]. In addition to the adaptive continuous rate

(ACR) scheme, the more practical adaptive discrete rate (ADR) scheme is also studied. Numerical

results show that spectrum sensing, time delay and PU trafficduring the data transmission of

the cognitive radio have significant impact on the performance of adaptive modulation, and the

degree of impact depends on the SNR of the cognitive radio user, the SNR of the primary

user, the channel condition and the PU traffic intensity. Compared with [1], the contribution of

our work is to quantify the effects of primary user traffic andspectrum sensing for adaptive

modulation in cognitive radios that were not considered in [1].

The rest of the letter is organized as follows. In Section II,the system model is introduced.

Section III analyzes the performance of adaptive modulation for cognitive radios. Section IV

presents the numerical examples, while conclusions are drawn in Section V.

II. SYSTEM MODEL

Consider a cognitive radio system where transmission is performed on a frame-by-frame basis,

as shown in Fig. 1. In each frame, the first part is the overheadthat is used for spectrum sensing

and training. DefineH0 as the hypothesis that the licensed channel is free andH1 as the hypothesis

that the licensed channel is occupied. Assume that the probability of false alarm is given byPf a =

Pr{H1|H0} and the probability of misdetection is given byPmd = Pr{H0|H1}. For later use, the

a priori probabilities ofH0 andH1 are defined asPr{H0} andPr{H1}, respectively. The second

part of each frame is for data transmission, where adaptive modulation is performed. Assume

that there areQ symbols per frame dedicated for data transmission. Each hasa symbol interval of

Ts. Similar to [1], consider multi-level quadrature amplitude modulation (M-QAM). We use rate

adaptation but no power adaptation. The BER of the coherent M-QAM with two-dimensional

March 8, 2012 DRAFT



3

Gray coding over an additive white Gaussian noise (AWGN) channel can be approximated as

[1, eq. (28)]

Pe(M,γe)≈ 0.2e−
3γe

2(M−1) (1)

whereγe is the signal-to-disturbance ratio (SDR) for the cognitive radio user andM is the constel-

lation size. The disturbance includes noise and interference, if any. It has been a common method

to replace the signal-to-noise ratio with the SDR in the calculation of error rate, even when the

interference is not Gaussian [12], [13]. Thus, the cognitive transmitter requires knowledge of

Pe and γe to determineM for rate adaptation from (1). The value ofPe is often predetermined

at some target valueP0 and is available at the transmitter. The value ofγe can be estimated

using estimators in [14] by the receiver and then fed back to the transmitter. We assume perfect

knowledge ofγe. The choice of the constellation size is made before the datatransmission starts

in the second part of each frame. Once the constellation sizeis chosen, it is fixed until the end

of the frame. During the secondary transmission, cognitiveradio may suffer from primary user

interference caused by sensing error or primary traffic, as well as channel decorrelation due to

feedback delay. These effects are analyzed in the paper. However, the constellation size will not

be chosen again according to these effects during the secondary transmission.

The PU traffic is assumed to follow an independent and identically distributed on-off process

with "0" representing the case when the licensed channel is free and "1" representing the

case when the licensed channel is occupied. The holding timeof each case is assumed to be

exponential with mean parameterλ for "0" andµ for "1". At the beginning of the secondary data

transmission, the licensed channel is busy with probability pb =
µ

λ+µ and free with probability

p f =
λ

λ+µ . The status transition probability matrix is given by [15]

P =







p00(Ts) p01(Ts)

p10(Ts) p11(Ts)






=

1
λ +µ







µ +λe−(λ+µ)Ts λ −λe−(λ+µ)Ts

µ −µe−(λ+µ)Ts λ +µe−(λ+µ)Ts






(2)

where each elementps1s2(Ts) represents the probability that the channel is ins1 when it was in

s2 Ts seconds ago, wheres1,s2 = 0,1. The status change of the primary user only happens once
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during the data transmission, which is the case when the average frame length of the primary

user signal is larger thanQTs. Ideally, the cognitive radio user should utilize the channel only

when the primary user is absent to avoid inference. However,due to misdetection, this is not

possible. This paper therefore evaluates effects of false alarm and misdetection on the cognitive

radio performance. In the evaluation, cognitive radio senses the channel at the beginning of its

frame and completes its transmission within its frame but does not estimate the PU duration.

III. PERFORMANCEANALYSIS

In this section, the performance of adaptive modulation in cognitive radio will be analyzed.

Both ACR and ADR schemes will be considered. In the following, we start with ACR.

The average BER for the ACR scheme can be expressed as

< Pe >CRACR1 =
Q−1

∑
k1=1

< Pe|arrive at k1 >CRACR1 ·Pr{arrive at k1}

+
Q−1

∑
k2=1

< Pe|depart at k2 >CRACR1 ·Pr{depart at k2} (3)

where Pr{arrive at k1} is the probability that the PU arrives at the end of thek1-th symbol

andPr{depart at k2} is the probability that the PU departs at the end of thek2-th symbol. We

restrict 1≤ k1 ≤ Q−1 so that the PU is present at least for one symbol during data transmission;

otherwise ifk1 =Q, it gives the same case without PU traffic as studied before. In a Nakagami-m

fading channel, the SNR of the cognitive radio userγ is a random variable with

fγ(x) =

(

m
γs

)m xm−1

Γ(m)
e−m x

γs ,x ≥ 0 (4)

wherem is the m-parameter assumed to be an integer,γs is the average fading power andΓ(·)

represents the complete Gamma function defined in [16, eq. (8.310.1)]. Consider the case when

the idle channel is correctly detected first. For the firstk1 symbols in the data transmission, their

average BER isP0. For the lastQ− k1 data symbols in the data transmission, they suffer from

the interference caused by the primary user. Using (1) and the fact that the SDR isγe =
γ

1+γp
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with γp being the PU SNR, their average BER can be derived as 0.2(5P0)
1

1+γp . Then, the average

BER when the primary user arrives at the end of thek1-th symbol is

< Pe|arrive at k1 >CRACR1=
1
Q
[k1×P0+(Q− k1)×0.2(5P0)

1
1+γp ] (5)

and the probability that the PU arrives at the end of thek1-th symbol underH0 is given by

Pr{arrive at k1}= P{H0}(1−Pf a)p f p00(Ts)
k1 p01(Ts)p11(Ts)

Q−k1 (6)

wherep f is the probability of free channel not false alarm. Next, consider the case when the busy

channel is misdetected. When the primary user leaves at the end of thek2-th symbol in the data

transmission with 1≤ k2 ≤ Q−1, the firstk2 data symbols also suffer from the interference with

average BERP0. The lastQ−k2 data symbols do not suffer from the interference. Using (1) and

the fact that the SDR isγe = γ in this case, their average BER can be derived as 0.2(5P0)
1+γp.

Again we restrict 1≤ k2 ≤ Q−1 so that there is at least one symbol when the PU is absent to

distinguish our work from cases without PU traffic. Thus, theaverage BER when the PU departs

at the end of thek2-th symbol is given by

< Pe|depart at k2 >CRACR1=
1
Q
[k2×P0+(Q− k2)×0.2(5P0)

1+γp ] (7)

and the probability that the primary user leaves at the end ofthe k2-th symbol is given by

Pr{depart at k2}= P{H1}Pmd pb p11(Ts)
k2 p10(Ts)p00(Ts)

Q−k2. (8)

Using (5), (6), (7) and (8) in (3), one has the average BER when the PU randomly leaves or

comes during the data transmission period. From (3), the average BER of the ACR scheme in

cognitive radio depends on spectrum sensing as well as the primary user traffic during the data

transmission. With perfect spectrum sensing,Pmd = 0 andPf = 0 such that the second term in

(3) will be zero and the first term in (3) will be maximum, changing the BER.

Next, the average link SE for the ACR scheme is derived. When theprimary user randomly

arrives in the data transmission period, the average link SEin a Nakagami-m fading channel can
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be derived as
e

2mK0
3γs

ln2

m−1

∑
k=0

(

2mK0

3γs

)k

Γ
(

−k,
2mK0

3γs

)

(9)

whereΓ(·, ·) is the complementary incomplete Gamma function defined in [16, eq. (8.350.2)]

andK0 =− ln(5P0). When the primary user randomly leaves in the data transmission period, the

average link SE can be derived as

e
2mK0(1+γp)

3γs

ln2

m−1

∑
k=0

(

2mK0(1+ γp)

3γs

)k

Γ
(

−k,
2mK0(1+ γp)

3γs

)

. (10)

Using (9) and (10), one has

<
R
W

>CRACR1= Pr{H0}(1−Pf a)
e

2mK0
3γs

ln2

m−1

∑
k=0

(

2mK0

3γs

)k

Γ
(

−k,
2mK0

3γs

)

(11)

+ Pr{H1}Pmd
e

2mK0(1+γp)
3γs

ln2

m−1

∑
k=0

(

2mK0(1+ γp)

3γs

)k

Γ
(

−k,
2mK0(1+ γp)

3γs

)

.

The average link SE does not depend on the primary user trafficduring the data transmission, as

it is determined before data transmission. However, it still depends on spectrum sensing through

Pf a andPmd.

For the ADR scheme, one has to choose the constellation size based on [1, eq. (30)]

MCRADR1 = 2n
,γn < γ ≤ γn+1 (12a)

MCRADR2 = 2n
,γn <

γ
1+ γp

≤ γn+1 (12b)

wheren = 1,2, · · · ,N index possible different regions of the effective SNR in thecognitive radio

channel,γn = [er f c−1(2P0)]
2 when n = 1, γn = +∞ when n = N + 1, γn = 2

3K0(2n − 1) when

n = 2,3, · · · ,N, and er f c−1(·) is the inverse of the complementary Gaussian error function.

Effectively, the SNR has been quantized to different regions with each region corresponding to

an integer value of the constellation size. The average BER for ADR scheme is derived as

< Pe >CRADR1 =
Q−1

∑
k1=1

< Pe|arrive at k1 >CRADR1 ·Pr{arrive at k1}

+
Q−1

∑
k2=1

< Pe|depart at k2 >CRADR1 ·Pr{depart at k2} (13)
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where Pr{arrive at k1} and Pr{depart at k2} are given in (6) and (8), respectively. Using a

similar method to [1, eq. (35)], one has

< Pe|arrive at k1 >CRADR1=
1

Q∑N
n=1nan

0.2
Γ(m)

(

m
γs

)m





k1

∑
i=1

N

∑
n=1

nΓ(m,
mγn
γs

+ 3ρimγn
3(1−ρi)γs+2m(2n−1))−nΓ(m,

mγn+1
γs

+ 3ρimγn+1
3(1−ρi)γs+2m(2n−1))

(m
γs
+ 3ρim

3(1−ρi)γs+2m(2n−1))
m

+
Q

∑
i=k1+1

N

∑
n=1

nΓ(m,
mγn
γs

+ 3ρimγn
3(1−ρi)γs+2m(2n−1)(1+γp)

)−nΓ(m,
mγn+1

γs
+ 3ρimγn+1

3(1−ρi)γs+2m(2n−1)(1+γp)
)

(m
γs
+ 3ρim

3(1−ρi)γs+2m(2n−1)(1+γp)
)m



 (14)

and

< Pe|depart at k2 >CRADR1=
1

Q∑N
n=1nbn

0.2
Γ(m)

(

m
γs

)m
[

k2

∑
j=1

N

∑
n=1

nΓ(m,
mγn(1+γp)

γs
+

3ρ jmγn
3(1−ρ j)γs

1+γp
+2m(2n−1)

)−nΓ(m,
mγn+1(1+γp)

γs
+

3ρ jmγn+1
3(1−ρ j)γs

1+γp
+2m(2n−1)

)

(m
γs
+

3ρ jm
3(1−ρ j)γs+2m(2n−1)(1+γp)

)m
+

Q

∑
j=k2+1

N

∑
n=1

nΓ(m,
mγn(1+γp)

γs
+

3ρ jmγn(1+γp)
3(1−ρ j)γs+2m(2n−1))−nΓ(m,

mγn+1(1+γp)
γs

+
3ρ jmγn+1(1+γp)

3(1−ρ j)γs+2m(2n−1))

(m
γs
+

3ρ jm
3(1−ρ j)γs+2m(2n−1))

m



 . (15)

Using these equations, (13) can be calculated.

For the average link SE in Nakagami-m fading channels, one has

<
R
W

>CRADR1= Pr{H0}(1−Pf a)
N

∑
n=1

nan +Pr{H1}Pmd

N

∑
n=1

nbn. (16)

wherean =
Γ(m,

mγn
γs

)−Γ(m,
mγn+1

γs
)

Γ(m) andbn =
Γ(m,

mγn(1+γp)
γs

)−Γ(m,
mγn+1(1+γp)

γs
)

Γ(m) . For comparison, the average

BER for the conventional ACR scheme in a Nakagami-m fading channel is given byP0 and its

average link SE is given by [1, eq. (32)]. The average BER for the conventional ADR scheme

is given as [1, eq. (35)] and its average link SE is given by [1,eq. (33)].

1) Effect of Time Delay: In practice, the channel may experience time-varying fading. Assume

the Jakes model where the correlation coefficient of two channel gains satisfiesρ = J0(2π fDτ),

J0(·) is the zero-order Bessel function of the first kind defined in [16, eq. (8.402)] andfD is
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the maximum Doppler shift. Using the same method as in [1], one has the average BER for the

ACR scheme as

< Pe >CRACR2 = P{H0}(1−Pf a)
Q−1

∑
k1=1

Pr{k1}[
k1

∑
i=1

I(ρi,K0)+
Q

∑
i=k1+1

I(ρi,
K0

1+ γp
)]

+ P{H1}Pmd

Q−1

∑
k2=1

Pr{k2}[
k2

∑
j=1

I(ρ j,K0)+
Q

∑
j=k2+1

I(ρ j,K0(1+ γp))]

(17)

whereI(x,y) = 0.2(1−x)mym

QΓ(m)

∫ 1
u1(x,y)

u2m−1

(1−u)m+1 e−
yu(1−xu)

1−u du with u1(x,y) =
mT1

mT1+(1−x)yγs
is a notational

term used to simplify the expression of (17),ρi represents the correlation coefficient between

the estimated SNR and thei-th data symbol,i = 1,2, · · · ,Q, 1+ γp is in the denominator in the

first term because the PU randomly arrives at thek1-th symbol, similar to (5), and 1+ γp is in

the numerator in the second term because the PU randomly leaves at thek2-th symbol, similar to

(7). Detailed procedures for derivation can be adapted from[1, eq. (49)]. Similarly, the average

BER for the ADR scheme is derived as

< Pe >CRADR2 = P{H0}(1−Pf a)
Q−1

∑
k1=1

Pr{k1}×Pe(k1)CRADR

+ P{H1}Pmd

Q−1

∑
k2=1

Pr{k2}×Pe(k2)CRADR (18)

where in this case

Pe(k1)CRADR =
1

Q∑N
n=1nan

0.2
Γ(m)

(

m
γs

)m





k1

∑
i=1

N

∑
n=1

nΓ(m,
mTn
γs

+ 3ρimTn
3(1−ρi)γs+2m(2n−1))−nΓ(m,

mTn+1
γs

+ 3ρimTn+1
3(1−ρi)γs+2m(2n−1))

(m
γs
+ 3ρim

3(1−ρi)γs+2m(2n−1))
m

+
Q

∑
i=k1+1

N

∑
n=1

nΓ(m,
mTn
γs

+ 3ρimTn
3(1−ρi)γs+2m(2n−1)(1+γp)

)−nΓ(m,
mTn+1

γs
+ 3ρimTn+1

3(1−ρi)γs+2m(2n−1)(1+γp)
)

(m
γs
+ 3ρim

3(1−ρi)γs+2m(2n−1)(1+γp)
)m





(19)
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Pe(k2)CRADR =
1

Q∑N
n=1nbn

0.2
Γ(m)

(

m
γs

)m
[

k2

∑
j=1

N

∑
n=1

nΓ(m,
mTn(1+γp)

γs
+

3ρ jmTn
3(1−ρ j)γs

1+γp
+2m(2n−1)

)−nΓ(m,
mTn+1(1+γp)

γs
+

3ρ jmTn+1
3(1−ρ j)γs

1+γp
+2m(2n−1)

)

(m
γs
+

3ρ jm
3(1−ρ j)γs+2m(2n−1)(1+γp)

)m
+

Q

∑
j=k2+1

N

∑
n=1

nΓ(m,
mTn(1+γp)

γs
+

3ρ jmTn(1+γp)
3(1−ρ j)γs+2m(2n−1))−nΓ(m,

mTn+1(1+γp)
γs

+
3ρ jmTn+1(1+γp)

3(1−ρ j)γs+2m(2n−1))

(m
γs
+

3ρ jm
3(1−ρ j)γs+2m(2n−1))

m



 .

(20)

The average link SE is the same as before, as the constellation size is determined before data

transmission and change of channel condition during the data transmission does not affect it.

2) Effect of Random γp: In the following, we consider the case when the primary user signal

suffers from Rayleigh fading such that the fading coefficientis Gaussian distributed and the SNR

γp follows an exponential distribution with parameterγ̄p. Then, the average BER and SE for the

ACR and ADR schemes can be calculated as

∫ ∞

0
< u >v ·

1
γ̄p

e
−

γp
γ̄p dγp (21)

whereu = Pe or u = R
W , v =CRACR1 or v =CRADR1 and< u >v is derived as before.

IV. N UMERICAL RESULTS AND DISCUSSION

In this section, numerical examples are presented to examine the effects of spectrum sensing

and the primary user traffic on adaptive modulation in cognitive radio systems. In the examina-

tion, we setPr{H0} = 0.7 andPr{H1} = 0.3, as most target bands of cognitive radios have a

larger vacant probability than an occupied probability. Also,Pf a = 0.1 andPmd = 0.1. These are

standard parameters proposed in the IEEE 802.22 draft. Other values can also be examined in

a similar way. In the cases whenγp changes so thatPf a and Pmd are also changed, the sample

size or detection method used in spectrum sensing can be adjusted to maintainPf a andPmd. So

our result is general. The target BER is set toP0 = 10−5. Assume thatQ = 10.
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Fig. 2 compares the BER performances of the conventional adaptive modulation with the BER

performances of adaptive modulation for cognitive radio ina Nakagami-m fading channel. First,

spectrum sensing and primary user traffic degrade the BER performance of adaptive modulation.

For example, the BER for the conventional adaptive modulation is at 10−5, while the BER for

adaptive modulation in cognitive radio is increased to 1.5×10−5, almost twice as large, which

might be considered as significant in some applications. This is caused by the non-zero values

of Pmd andPf from imperfect spectrum sensing that degrade the performance. Second, the ADR

curves for adaptive modulation in cognitive radio are closer to the target BER than the ADR

curves for the conventional adaptive modulation. This implies that the ADR scheme in cognitive

radio has less room for improvement than the conventional ADR scheme.

Fig. 3 has the same system settings as Fig. 2, except that it usesm= 1 for the Rayleigh fading.

In this case, the BER performance of the ACR scheme in cognitiveradio is almost identical to

that in Fig. 2 whenm = 2, while the BER performance of the ADR scheme in cognitive radio

is worse than that in Fig. 2 whenm = 2. This suggests that harsh channel condition degrades

the BER performance further, which agrees with intuition. One also sees that the gap between

conventional adaptive modulation and adaptive modulationin cognitive radio increases whenm

decreases by comparing Figs. 2 and 3. Fig. 4 has the same system settings as Fig. 2, except that

the primary user traffic intensity is changed toλ = µ = 1
200Ts

. One sees that the gap between the

conventional adaptive modulation and the adaptive modulation in cognitive radio reduces when

the primary user traffic intensity decreases. This is expected, as the chance of having a mismatch

between the channel condition used to choose the constellation size and the channel condition

the actual data transmission experiences is reduced when the primary user is less active.

Fig. 5 compares the link SE performances of the conventionaladaptive modulation with the

link SE performances of adaptive modulation for cognitive radio for different system parameters.

From Fig. 5, the link SE for adaptive modulation in cognitiveradio is smaller than the link SE

for conventional adaptive modulation. Therefore, spectrum sensing degrades the SE performance
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too due to the combined effects of the non-zero values ofPmd and Pf in (11) and (16). Fig. 6

shows the BER performance of adaptive modulation in cognitive radio for different values of

the correlation coefficient. In this figure, the correlationcoefficient is assume to be the same

for all data symbols for convenience. One sees that the BER increases when the normalized

Doppler shift increases. The maximum normalized Doppler shift that could be accommodated

in this case is around 2×10−2. The BER degradation can be further reduced by increasing the

m parameter in the channel. Other cases can also be discussed to quantify the effect of time

delay on channel quality feedback. Fig. 7 shows the BER performance of adaptive modulation

in cognitive radio whenγp is exponentially distributed. Similar observations to those made from

Figs. 2 - 4 can be made from Fig. 7.

V. CONCLUSION

The effects of spectrum sensing, time delay and PU traffic on the BER and SE performances

of adaptive modulation for interweave cognitive radios have been evaluated and compared with

adaptive modulation in conventional systems with exclusive licenses that do not suffer from

spectrum sensing and primary user traffic. The evaluation has shown that spectrum sensing, time

delay and PU traffic cause considerable degradation for BER inmost cases. Specifically, the

non-zero values ofPf a andPmd due to imperfect spectrum sensing increase the BER, higher PU

traffic intensity leads to larger gaps between adaptive modulations for conventional systems and

for cognitive radio systems, and a larger time delay causes an increase in BER above certain

threshold. It has also shown that the PU traffic and time delaydo not affect the SE performance

of adaptive modulation but spectrum sensing degrades the SEperformance. The non-zero values

of Pf a andPmd due to imperfect spectrum sensing reduces the link SE for cognitive radio systems

compared with conventional systems. In practical systems,one may also employ coding and/or

hybrid automatic repeat request (H-ARQ). The employment of coding will make adaptation

more difficult, as the inverse function of the coded BER neededto calculate the constellation

size is often complicated. On the other hand, H-ARQ involves with the MAC layer protocol and
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although it is effective, it is beyond the scope of this work that focuses on adaptive modulation.

Therefore, they are not considered in this work but represent good topics for future works.

REFERENCES

[1] M.-S. Alouini and A.J. Goldsmith, “Adaptive modulation over Nakagami fading channels,"Kluwer Wireless Personal

Communications, vol. 13, pp. 119-143, 2000.

[2] W.T. Webb and R. Steele, “Variable rate QAM for mobile radio",IEEE Trans. Commun., vol. COM-43, pp. 2223-2230,

1995.

[3] A.J. Goldsmith and S.G. Chua, “Variable-rate variable-power M-QAM for fading channels,"IEEE Trans. Commun., vol.

COM-45, pp. 1218-1230, 1997.

[4] A.J. Goldsmith, “Variable-rate coded M-QAM over fading channels," Proc. Globecom’94, pp. 186-190, San Francisco,

USA, Nov. 1994.

[5] S. Haykin, "Cognitive radio: Brain-empowered wireless communications," IEEE J. Select. Areas Commun., vol. 23, pp.

201-220, Feb. 2005.

[6] M. Abdallah, A. Salem, M. -S. Alouini, and K. Qaraqe,“Discrete rateand variable power adaptation for underlay cognitive

networks" Proc. European Wireless 2010 (EW’10), Lucca, Italy, April 2010.

[7] T. Wang, Y. Chen, E.L. Hines, and B. Zhao, “Analysis of effectof primary user traffic on spectrum sensing performance,"

Proc. Chinacom’09, Xi’an, China, August 2009.

[8] L. Tang, Y. Chen, E.L. Hines and M.-S. Alouini, "Effect of primary user traffic on sensing-throughput tradeoff for cognitive

radios," IEEE Trans. Wireless Commun., vol. 10, pp. 1063-1068, Apr. 2011.

[9] F.T. Foukalas and G.T. Karetsos, "A Study on the performance of adaptitve modulation and cross-layer design in cognitive

radio for fading channels"’,Proc. 13th Panhellenic Conf. on Informatics, pp. 158-162, Sept. 2009.

[10] M. Taki and F. Lahouti, "Spectral efficiency optimization for an interfering cognitive radio with adaptive modulation and

coding"’, IEEE J. Select. Areas Commun., submitted, 2009. available at http://arxiv.org/abs/0912.1333.

[11] V. Asghari and S. Aissa, "Adaptive rate and power transmissionin spectrum-sharing systems,"IEEE Trans. Wireless

Commun., vol. 9, pp. 3272-3280, Oct. 2010.

[12] V. Kuchi and V. Prabhu, "Performance evaluation for widely linear demodulation of PAM/QAM signals in the presence

of rayleigh fading and co-channel interference,"IEEE Trans. Commun., vol. 57, pp. 183-193, Jan. 2009.

[13] Y. Kegen, I. Oppermann, "Performance of decorrelating receivers in multipath Rician fading channels,"IEEE Trans. Wireless

Commun., vol. 5, pp. 2009-2016, Aug. 2006.

[14] Y. Chen and N.C. Beaulieu, "Maximum likelihood estimation of SNR using digitally modulated signals,"IEEE Trans. on

Wireless Commun., vol. 6, pp. 210-219, Jan. 2007.

[15] A. Papoulis,Probability, Random Variables, and Stochastic Processes, 3rd ed. New York: McGraw-Hill, 1991.

[16] I.S. Gradshteyn and I.M. Ryzhik,Table of Integrals, Series, And Products, 6th Ed., New York, NY: Academic Press, 2000.

March 8, 2012 DRAFT



13

Fig. 1. A diagram of the cognitive radio frame with randomly arriving or departing primary user.

March 8, 2012 DRAFT



14

0 5 10 15 20 25 30
10

−9

10
−8

10
−7

10
−6

10
−5

10
−4

γ
s
 (dB)

B
E

R

 

 

ACR
ADR, N=3
ADR, N=5
ADR, N=7

Fig. 2. Comparison of the BER for conventional adaptive modulation (dotted lines) and the BER

for adaptive modulation for cognitive radio (solid lines) in Nakagami-m fading channels (m = 2)

with γp = 0 dB andλ = µ = 1
100Ts

.
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Fig. 3. Comparison of the BER for conventional adaptive modulation (dotted lines) and the BER

for adaptive modulation for cognitive radio (solid lines) in Rayleigh fading channels (m = 1)

with γp = 0 dB andλ = µ = 1
100Ts

.
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Fig. 4. Comparison of the BER for conventional adaptive modulation (dotted lines) and the BER

for adaptive modulation for cognitive radio (solid lines) in Nakagami-m fading channels (m = 2)

with γp = 0 dB andλ = µ = 1
200Ts

.
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Fig. 5. Comparison of the link SE for conventional adaptive modulation (dotted lines) and the link

SE for adaptive modulation for cognitive radio (dashed lines) in Nakagami-m fading channels

(m = 2) with γp = 0 dB.
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Fig. 7. Comparison of the BER for conventional adaptive modulation (dotted lines) and the BER

for adaptive modulation for cognitive radio (solid lines) in Nakagami-m fading channels (m = 2)

with exponentially distributedγp at γ̄p = 5 dB andλ = µ = 1
100Ts

.
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