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Abstract

The performance of adaptive modulation for cognitive radith opportunistic access is analyzed
by considering the effects of spectrum sensing, primary tredfic and time delay for Nakagami-
fading channels. Both the adaptive continuous rate scherdele adaptive discrete rate scheme are
considered. Numerical examples are presented to quahgfeffects of spectrum sensing, primary user

traffic and time delay for different system parameters.
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. INTRODUCTION

Adaptive modulation is effective in increasing the link spal efficiency for communications
over fading channels [1] - [4]. On the other hand, cognitigeio has been proposed as one
of the most promising solutions to the problem of "spectrumraty” [5]. Applying adaptive
modulation to cognitive radio provides much flexibility.\@eal issues may arise compared with
conventional adaptive modulation [1] - [4]. First, althduthe licensed channel is deemed as
unoccupied by spectrum sensing during the first part of thendy; the licensed user of the
channel or the primary user may come back at any time in thensepart of the frame when
the data of the cognitive radios’ are being transmitted.His tase, the signal-to-noise ratio
(SNR) in the channel may change due to the appearance of tmargruser. Second, there is
a possibility that spectrum sensing will make a misdetactach that the licensed channel is
deemed unoccupied while the primary user is actually trattisgn There is also a possibility
that spectrum sensing will make a false alarm such that teesied channel is deemed occupied
while the primary user is actually absent. In this case aeixtterferences may be considered for
the adaptive modulation of the cognitive radio user. Traeefit is of great interest to study
these effects on adaptive modulation for cognitive radios.

In [6], adaptive modulation in an underlay cognitive radystem was studied to optimize the
transmitter rate and power. In [7] and [8], the effect of mmnuser (PU) traffic on cognitive radio
performance was investigated. In [9], spectral efficienay ddaptive modulation in cognitive
radio was analyzed and a cross-layer design was proposétertfect spectrum sensing and PU
traffic were not considered. In [10], optimization for cogre radio transmission using adaptive
modulation was performed by considering an underlay systenan interweave system used
in this paper. In [11], the capacity gain offered by adaptivedulation in cognitive radio was
analyzed for an underlay system. All these works eitherya@aén underlay system or ignore
adaptive modulation or ignore PU traffic and imperfect spauotsensing.

In this letter, we evaluate the effects of spectrum sendfgtraffic and time delay on the
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performance of adaptive modulation for an interweave dognradio system with opportunistic
access to the licensed channel that experiences Nakagdadiing. Both the bit error rate (BER)
and the link spectral efficiency (SE) are investigated. Th& Bfvaluation shows the variation
of the actual BER from the target BER due to channel mismatchdpaive modulation and
therefore, is also useful, as studied previously [1] - [4]addition to the adaptive continuous rate
(ACR) scheme, the more practical adaptive discrete rate (ADRYrae is also studied. Numerical
results show that spectrum sensing, time delay and PU tmdfitng the data transmission of
the cognitive radio have significant impact on the perforogaof adaptive modulation, and the
degree of impact depends on the SNR of the cognitive radio, tise SNR of the primary
user, the channel condition and the PU traffic intensity. Caneqb with [1], the contribution of
our work is to quantify the effects of primary user traffic asplectrum sensing for adaptive
modulation in cognitive radios that were not consideredli [

The rest of the letter is organized as follows. In SectiortHg system model is introduced.
Section Il analyzes the performance of adaptive modutatar cognitive radios. Section IV

presents the numerical examples, while conclusions amendna Section V.

Il. SYSTEM MODEL

Consider a cognitive radio system where transmission iopadd on a frame-by-frame basis,
as shown in Fig. 1. In each frame, the first part is the overhieaitis used for spectrum sensing
and training. Definddp as the hypothesis that the licensed channel is fredHaras the hypothesis
that the licensed channel is occupied. Assume that the pilapaf false alarm is given by, =
Pr{H1|Ho} and the probability of misdetection is given Byy = Pr{Ho|H1}. For later use, the
a priori probabilities ofHy andH; are defined aPr{Hp} andPr{H}, respectively. The second
part of each frame is for data transmission, where adaptivduhation is performed. Assume
that there ar€) symbols per frame dedicated for data transmission. Each bgsbol interval of
Ts. Similar to [1], consider multi-level quadrature amplieuchodulation (M-QAM). We use rate

adaptation but no power adaptation. The BER of the cohereQAW with two-dimensional
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Gray coding over an additive white Gaussian noise (AWGN) nbacan be approximated as
[1, eq. (28)]

3

P(M, ) ~ 0.2 Z04-1 (1)

whereys is the signal-to-disturbance ratio (SDR) for the cognitizdio user andil is the constel-
lation size. The disturbance includes noise and intertergif any. It has been a common method
to replace the signal-to-noise ratio with the SDR in the waliton of error rate, even when the
interference is not Gaussian [12], [13]. Thus, the cogaitikansmitter requires knowledge of
P. and y. to determineM for rate adaptation from (1). The value Bf is often predetermined
at some target valu® and is available at the transmitter. The valueypfcan be estimated
using estimators in [14] by the receiver and then fed backéottansmitter. We assume perfect
knowledge ofye. The choice of the constellation size is made before the tdatsmission starts
in the second part of each frame. Once the constellationisizeosen, it is fixed until the end
of the frame. During the secondary transmission, cognitatko may suffer from primary user
interference caused by sensing error or primary traffic, e$ & channel decorrelation due to
feedback delay. These effects are analyzed in the paperevémnthe constellation size will not
be chosen again according to these effects during the sapgotrdnsmission.

The PU traffic is assumed to follow an independent and idelyidistributed on-off process
with "0" representing the case when the licensed channeleis &nd "1" representing the
case when the licensed channel is occupied. The holding dimeach case is assumed to be
exponential with mean parametgifor "0" and u for "1". At the beginning of the secondary data

transmission, the licensed channel is busy with probgbgi= and free with probability

= /H—u

P = A+u The status transition probability matrix is given by [15]
=) poo(TS) p01(Ts) 1 u +)\e—(/\ TTs A — peA+H)Ts -
P1o(Ts)  P11(Ts) ATH p—pe O ) 4 pe (T

where each elemerns s, (Ts) represents the probability that the channel isijrwhen it was in

s Ts seconds ago, whemss,s, = 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 theageeirame length of the primary
user signal is larger tha@QTs. Ideally, the cognitive radio user should utilize the chalnonly

when the primary user is absent to avoid inference. Howeligg, to misdetection, this is not
possible. This paper therefore evaluates effects of fdlsenaand misdetection on the cognitive
radio performance. In the evaluation, cognitive radio sertbe channel at the beginning of its

frame and completes its transmission within its frame bugsdioot estimate the PU duration.

[1l. PERFORMANCEANALYSIS

In this section, the performance of adaptive modulationdgnitive radio will be analyzed.
Both ACR and ADR schemes will be considered. In the following, start with ACR.

The average BER for the ACR scheme can be expressed as

Q-1
<Pa>cracri = Z < Pelarriveat ky >cracr1 -Pr{arriveat k; }
ki=1

Q-1
+ Z < Ps|depart at kp >cracri -Pr{depart at ky} (3)
k=1

where Pr{arrive at k;} is the probability that the PU arrives at the end of theth symbol
and Pr{depart at kp} is the probability that the PU departs at the end of kii¢h symbol. We
restrict 1< k; < Q-1 so that the PU is present at least for one symbol during datarmission;
otherwise ifky = Q, it gives the same case without PU traffic as studied befara.Nakagamm

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

m_ m-1 X
fy(x) = (E) %em&xzo (4)

wherem is the m-parameter assumed to be an integgiis the average fading power amd-)
represents the complete Gamma function defined in [16, e81@8l)]. Consider the case when
the idle channel is correctly detected first. For the #issymbols in the data transmission, their
average BER i$%. For the lastQ —k; data symbols in the data transmission, they suffer from
the interference caused by the primary user. Using (1) aedaétt that the SDR ige

_y
1+Yp
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1
with y,, being the PU SNR, their average BER can be derived 2(8R) ™. Then, the average
BER when the primary user arrives at the end of kipgh symbol is

1

< Psjarriveat ky >cracri= 5 ki X Po+ (Q—kp) x 0.2(5P0)T1Vp] ()

and the probability that the PU arrives at the end of kixth symbol undeHy is given by

Pr{arriveat ki} = P{Ho} (1 - Pra) Pt Poo(Ts)* Poa(Ts) p11(Ts) (6)

whereps is the probability of free channel not false alarm. Next,sidar the case when the busy
channel is misdetected. When the primary user leaves at thefehek,-th symbol in the data
transmission with K ko < Q—1, the firstky, data symbols also suffer from the interference with
average BERR. The lastQ — k, data symbols do not suffer from the interference. Using () a
the fact that the SDR ig = y in this case, their average BER can be derived.a658y)1* .
Again we restrict X< ko < 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, #verage BER when the PU departs

at the end of the,-th symbol is given by
1
< Ps|depart at ko >cracri= a[kz X Py+ (Q—ko) x 0.2(5R) 1] (7)
and the probability that the primary user leaves at the entthek,-th symbol is given by

Pr{depart at kp} = P{H1}PmdPoP11(Ts)*2 p10(Ts) poo(Ts) ¥ *2. (8)

Using (5), (6), (7) and (8) in (3), one has the average BER whenPU randomly leaves or
comes during the data transmission period. From (3), theageeBER of the ACR scheme in
cognitive radio depends on spectrum sensing as well as thmagyr user traffic during the data
transmission. With perfect spectrum sensiRgy = 0 andPs = 0 such that the second term in
(3) will be zero and the first term in (3) will be maximum, changthe BER.

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

arrives in the data transmission period, the average linknSENakagamim fading channel can
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be derived as

3 m-1
e VS 2mKg K 2mKg )
In2 3ys 3ys
whererl (-,-) is the complementary incomplete Gamma function defined & €fy. (8.350.2)]

andKp = —In(5R). When the primary user randomly leaves in the data transomigsriod, the

average link SE can be derived as

2mKo(1+yp)
e%THp m-1 2mKo(1+ Yp) kl_ Kk 2mKo(1+ Yp) (10)
In2 kzo 3ys T 3% '

Using (9) and (10), one has

R 35 M1 /omko\ K 2mK
< — >CRACRL= PI‘{Ho}(l Pfa ( O) r(—k, 0) (11)

W In2 3)/3 3Vs

e 5 Ml omKo(1+ yo) 2mKo(1+ yp)

0 P 0 p

Pr{H.}P (k2007
T PriH P In2 kzo( 3¥s ) ( , 3¥s )

The average link SE does not depend on the primary user tdaffing the data transmission, as
it is determined before data transmission. However, it d&pends on spectrum sensing through
Pfa and Pyg.

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

Mcraprt = 2", ¥h < ¥V < Vi1 (12a)
Mcrapre = 2", yh < ﬁ < Vit (12b)

wheren=1,2 --- N index possible different regions of the effective SNR in tlognitive radio
channel,y, = [erfc 1(2Ry)]? whenn =1, y, = +o0 whenn= N+1, y, = 2K(2" — 1) when
n=23,--,N, anderfc l(.) is the inverse of the complementary Gaussian error function
Effectively, the SNR has been quantized to different regiaith each region corresponding to

an integer value of the constellation size. The average BERERBR scheme is derived as
Q-1
<Pa>CcraDR1 = 2 < Ps|arriveat k; >crapry -Pr{arriveat ki }
ki=1
Q-1
+ Z < Pe|depart at ky >crapr1 -Pr{depart at kp} (13)
k=1
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where Pr{arrive at k;} and Pr{depart at ko} are given in (6) and (8), respectively. Using a

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

< PoJarriveat k; > 1 02 <m>m
1 >CRADRL= —
¢ er'}lzl nan (M) \ s
Myh 3piMyh Mn 30 My
a N nl‘(m,—s+ 3(1—Pi)Vs+2m(2”—1)) —nr(m, vs+1 T p.)vs+2r+n12“ S
ZZ m 3pim m + Z
I=1n=1 (%+3(1—Pi)vs+2m(2”—1)) I=ki+1
M 3piMyn _ Mynt1 3piMyn i1
5 M st~ (™ S0 | g
m 3pim
=1 (6t s mwramz—yiy)"
and
1 02 /m\"|k N
< Pe|depart at ky >crapr1i= ( )
Q¥ hq b I( Z Zl
nr(m, Myh (1+yp) + o 3pjmyn —nr(m, Myn+1(1+Vp) 4 3pjMyh 1
( % L™ yam(2n-1) ( ¥ LA L om(zn-1) Q
3pjm m +
(75 + 3(1—pj)ys+2m(2“—1)(1+yp)) j=kot1

¥s 1-pj)ys+2m(2n—1) 1-p))ys+2m(2"—1)

N
&

Using these equations, (13) can be calculated.

Ar(m, mw(1+yp)+3( 3pimyh (1+Yp) ) —nr(m myn+1(1+yp)+3(3pjmyn+l 1+yp) ]
(15)

m 3pjm
(Vs + 3(1—pj)ys+2m(2"-1) )m

For the average link SE in Nakagamifading channels, one has

N N

R
<y ~CRADRI= Pr{Ho}(1—Pra) Z nan + Pr{H1}Pyg Z nbn. (16)
n=1 n=1

r(m, W) —r (m ™0l F(m, M0y Mhee11H¥)

wherea, = M) andb,= ——5 i = . For comparison, the average

BER for the conventional ACR scheme in a Nakagamfading channel is given b, and its
average link SE is given by [1, eq. (32)]. The average BER ferdbnventional ADR scheme
is given as [1, eq. (35)] and its average link SE is given byeq., (33)].

1) Effect of Time Delay: In practice, the channel may experience time-varying fditssume
the Jakes model where the correlation coefficient of two shhgains satisfiep = Jo(2mfp1),

Jo(+) is the zero-order Bessel function of the first kind defined i, [&g. (8.402)] andp is
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the maximum Doppler shift. Using the same method as in [14, loas the average BER for the

ACR scheme as

Q

<Pe>cracre = P{Ho}(1—Pxa) Z Pr{ki}| le i, Ko) + (o, ——

i=ky+1 1+ yp

Q-1 ko
+ P{Hl}Pmkglpf{kz}[gll(Pj;Ko) j_%ﬂ (Pj, Ko(1+ vp))]

(17)

ym 2m-1 yu(1-xu) . . .
wherel (x,y) = 02(1—xymfu1 (xy) TogT :)mﬂe_ T du with u(x,y) = ——"___ s a notational

M+ (1-X)YYs
term used to simplify the expression of (1), represents the correlation coefficient between
the estimated SNR and theh data symbolj =1,2,---,Q, 1+ y; is in the denominator in the
first term because the PU randomly arrives atkih symbol, similar to (5), and *y, is in
the numerator in the second term because the PU randomlgsiedthek,-th symbol, similar to
(7). Detailed procedures for derivation can be adapted ffhneq. (49)]. Similarly, the average

BER for the ADR scheme is derived as

-1
<Pe>crapre = P{Ho}(1—Psa) z Pr{ki} x Pe(k1)crabr
k=1
o-1
+ P{H1}Rna > Pr{ke} x Pe(k2)crabr (18)
Ke=1
where in this case
1 0.2 /m\™
Pe(k1)crabr = <—)
° Q3N na, (M) \ s
Th 3pimTy mTp, 3pimT,
i % n( ’”;/s taas pi)Vs+2m(2”71))_nr(m’ vs+l+3(1 p.)vs+2r¢112” + S
. 3pim Z
i=1n=1 (m+3(1,pi)ys+2m(2n,1))m i=ki+1
Th 3pimTy, mTy 3pimTy
(M5 + spwremz ) (M T S pwrem e D)

N
nzl

3pim
(% + s=pyeremz—)"

(19)
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Pe(k2)crabr = ! 02 <m) i [ § %

< _
Q31 nbn F(m) \ys =1r=1
MTn(1+Yp) 3pjmTy MTn1(14Yp) 3pjmTn 1
nr(m’ ¥s 3(1-pj)ys om(2N—1 )_nr(m’ Ys T 3(1-pj)¥s om2n—1 Q
Ty T2m(2'-1) ]_+yp+m(_)+
(M4 3pjm )m j=ko+1
Ve T 3(I—p;j)yer2m(Z—1)(1+yp) =kt
MTn(1+yp) 3pjmTn(1+yp) _ MTn1(1+Yp) 3pimTni1(1+p)
% (M, =50+ g amen ) — (M= 3T )yt 22 1))
m 3pjm m
n=1 (Vs + 3(1_Pj)ys+2m(2n—1)>
(20)

The average link SE is the same as before, as the constelstie is determined before data
transmission and change of channel condition during tha stabhsmission does not affect it.

2) Effect of Random yj: In the following, we consider the case when the primary ugpres
suffers from Rayleigh fading such that the fading coefficisrGaussian distributed and the SNR
¥p follows an exponential distribution with parametgr Then, the average BER and SE for the

ACR and ADR schemes can be calculated as

(o) yp
<Uu>y-—e »d 21
/O e rdy (21)

whereu=Ps oru= v%’ v =CRACR1 or v=CRADR1 and< u >y is derived as before.

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, numerical examples are presented to exathm effects of spectrum sensing
and the primary user traffic on adaptive modulation in cogmitadio systems. In the examina-
tion, we setPr{Hp} = 0.7 andPr{H;} = 0.3, as most target bands of cognitive radios have a
larger vacant probability than an occupied probabilitys@\P;; = 0.1 andPyg = 0.1. These are
standard parameters proposed in the IEEE 802.22 draft.r Q#hees can also be examined in
a similar way. In the cases whep changes so thd®, and Py are also changed, the sample
size or detection method used in spectrum sensing can bstedjto maintairPsy andPg. So

our result is general. The target BER is setyo= 10"°. Assume thaQ = 10.
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10

Fig. 2 compares the BER performances of the conventionalt@dapodulation with the BER
performances of adaptive modulation for cognitive radi@ iNakagamm fading channel. First,
spectrum sensing and primary user traffic degrade the BERmpaathce of adaptive modulation.
For example, the BER for the conventional adaptive moduaisoat 10°°, while the BER for
adaptive modulation in cognitive radio is increased ©>110"°, almost twice as large, which
might be considered as significant in some applicationss ©hcaused by the non-zero values
of Py andPs from imperfect spectrum sensing that degrade the perfacmaecond, the ADR
curves for adaptive modulation in cognitive radio are dldsethe target BER than the ADR
curves for the conventional adaptive modulation. This iegpthat the ADR scheme in cognitive
radio has less room for improvement than the conventionaRAlbheme.

Fig. 3 has the same system settings as Fig. 2, except thasitrus 1 for the Rayleigh fading.

In this case, the BER performance of the ACR scheme in cogmig® is almost identical to
that in Fig. 2 wherm= 2, while the BER performance of the ADR scheme in cognitiveaad
is worse than that in Fig. 2 whem = 2. This suggests that harsh channel condition degrades
the BER performance further, which agrees with intuitione@iso sees that the gap between
conventional adaptive modulation and adaptive modulatiocognitive radio increases when
decreases by comparing Figs. 2 and 3. Fig. 4 has the samensystings as Fig. 2, except that
the primary user traffic intensity is changedXe= u = W%TS. One sees that the gap between the
conventional adaptive modulation and the adaptive mowman cognitive radio reduces when
the primary user traffic intensity decreases. This is exqakds the chance of having a mismatch
between the channel condition used to choose the congigllsize and the channel condition
the actual data transmission experiences is reduced wieepritmary user is less active.

Fig. 5 compares the link SE performances of the conventiadaptive modulation with the
link SE performances of adaptive modulation for cognitiadio for different system parameters.
From Fig. 5, the link SE for adaptive modulation in cognitiaglio is smaller than the link SE

for conventional adaptive modulation. Therefore, spentsensing degrades the SE performance
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11

too due to the combined effects of the non-zero valueB,gfand P; in (11) and (16). Fig. 6
shows the BER performance of adaptive modulation in cognitadio for different values of
the correlation coefficient. In this figure, the correlaticoefficient is assume to be the same
for all data symbols for convenience. One sees that the BERases when the normalized
Doppler shift increases. The maximum normalized Doppléit siat could be accommodated

in this case is around 2102, The BER degradation can be further reduced by increasing the
m parameter in the channel. Other cases can also be discusspauntify the effect of time
delay on channel quality feedback. Fig. 7 shows the BER padace of adaptive modulation

in cognitive radio whery, is exponentially distributed. Similar observations toshanade from

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

V. CONCLUSION

The effects of spectrum sensing, time delay and PU trafficherBER and SE performances
of adaptive modulation for interweave cognitive radiosehéeen evaluated and compared with
adaptive modulation in conventional systems with exckidicenses that do not suffer from
spectrum sensing and primary user traffic. The evaluatiershawn that spectrum sensing, time
delay and PU traffic cause considerable degradation for BERdst cases. Specifically, the
non-zero values oP;; andPyg due to imperfect spectrum sensing increase the BER, higher PU
traffic intensity leads to larger gaps between adaptive abidns for conventional systems and
for cognitive radio systems, and a larger time delay causem@ease in BER above certain
threshold. It has also shown that the PU traffic and time détapot affect the SE performance
of adaptive modulation but spectrum sensing degrades thge8&rmance. The non-zero values
of P andPg due to imperfect spectrum sensing reduces the link SE fanitieg radio systems
compared with conventional systems. In practical systems,may also employ coding and/or
hybrid automatic repeat request (H-ARQ). The employment arfirg will make adaptation
more difficult, as the inverse function of the coded BER neetdedalculate the constellation

size is often complicated. On the other hand, H-ARQ involvéhk the MAC layer protocol and
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although it is effective, it is beyond the scope of this wdnkttfocuses on adaptive modulation.

Therefore, they are not considered in this work but reprtegead topics for future works.
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Fig. 1. A diagram of the cognitive radio frame with randomly arriyior departing primary user.
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Fig. 2. Comparison of the BER for conventional adaptive modulatiaitédi lines) and the BER
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