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Abstract—In this paper, the performance of adaptive modula- that employ continuous and discrete rate types of adaptive
tion in multi-user cognitive radio networks over fading channels modulation operating over Nakagami-channels assuming
is analyzed. Multi-user diversity is considered for opportinistic additionally multiple secondary users (SUs). We assuméimul

user selection among multiple secondary users. The analgsis . . . S .
obtained for Nakagaa]idm f:Eding channe)lls. Both adaptive %Son- user diversity (MUD) using opportunistic selection of the S

tinuous rate and adaptive discrete rate schemes are analysén ~ With the best signal-to-noise-ratio (SNR). Finally, we yicte
opportunistic spectrum access and spectrum sharing. Numéral and discuss the results of our analysis.

results are obtained and depicted to quantify the effects ofulti- The rest of this paper is organized as follows. Section
user fading environments on adaptive modulation operatingin | gescribes the multi-user cognitive radio network model.
cognitive radio networks. . . . .
Section Ill provides the performance analysis of adaptive
_Index Terms—adaptive modulation, multi-user diversity, cog- modulation operating over multi-user cognitive radio fegli
nitive radio, Nakagami-m fading channels. channels. In Section IV, we present and discuss the obtained
numerical results and in Section V we provide summary of
I. INTRODUCTION this work.
Adaptive modulation has been successfully deployed in
wireless communication systems providing link adaptafidgn
Using adaptive modulation, the transmission rate is adapte
based on the channel conditions, which are estimated at th&Ve assume a cognitive radio network with one secondary
receiver’s side and made available at the transmitter titr@u user transmitter (SU-Tx) and multiple secondary user vecsi
feedback channel. When adaptive modulation is implementg®lJ-Rxs) denoted with € 1, ..., L where each useris served
in conjunction with power control at the physical layer, @hrough an opportunistic or spectrum sharing access gjrate
variable rate variable power (VRVP) modulation is conséder [3]. We assume that the primary network (PN) consists of
[2]. Two alternative schemes of VRVP have been proposedane primary user transmitter (PU-Tx) and one primary user
the literature, known as continuous rate and discrete Tdte. receiver (PU-Rx). Fading channels are assumed for all links
latter is more practical from an implementation point ofwie The channel gain between the SU-Tx and the th SU-
Cognitive radio (CR) has been recently proposed for eRx is denoted ag,; and its additive white Gaussian noise
hancing spectrum utilization of licensed wireless systeni8WGN) denoted asis ;. The average transmit power over
when certain conditions apply1[3]. The knowledge of théhe fading channel i$>, the AWGN has power densiti, /2
channel state is very important for both types of CR ne#nd the received bandwidth 3. An SU-Rx can have access
works (CRNSs), known as opportunistic spectrum access (OS#) a channel if and only if a predefined maximum level on
and spectrum sharing (SS)! [4]. Hence, the incorporation tfe instantaneous transmit powBris achieved. This level is
adaptive modulation in CRNs is possible. Recently, a fedetermined from the channel state information (CSI) which
investigations of the performance of adaptive modulation represents the minimum received SNR,; that is equal to
CRNs have been accomplished. More specifically, [5] dnd [6] ;P/NoB for a channel gairys; and a unit of bandwidth
investigate adaptive modulation in SS CRNs, whilg [7] ang.
[8] present a performance analysis of adaptive modulation i The transmit powef is controlled based on SNR using
OSA CRNs. However, none of these works have been assumegiver control, and thereby we denote it B$y) [9]. The
a multi-user CRN in fading channels. SU-Tx uses an MUD selection strategy to select transmission
In this paper, we analyze and evaluate the performancetofthe SU-R with the best received SNR_[10]. The channel
adaptive modulation in multi-user cognitive fading enwto estimate, i.e.y,,; is also available at the SU-Tx side via
ment. In particular, we analyze the spectral efficiency oNSR a feedback channel. We assume that the CSI is perfectly
) _ _ available at the receivers i.e. PU-Rx and SU-Rxs, and that
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Il. SYSTEM MODEL
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Amplitude Modulations (M-QAMSs) is considered and their 1) Transmit Power ConstraintWe consider the case of
selection relies on the estimated CSI. In the considere@isys the average transmit power constraint, in which the fading
model, first the SU-Tx determines the user who can accatistribution depends only on secondary link and the optimal
the channel through the MUD and in the sequel it seleg®wer allocation of the SU-Tx is obtained as follows$ [4]:

the transmission rat& = log»(M) via the selection of the P(vs) 1 1 .
appropriatel/ —ary modulation from the signal set according P {70 o i] s uf Y >0, (7)
to the estimated CSI. ’

Finally, we make the following assumptions for the Con\ivhere%,s is the optimal cut-off level of the received SNR at

sidered system: a) the transmission of each symbol is accc_%e— SU'R)_(’ which can be calgul_a;ed by the supsti?utiorﬂbf (7)
plished with a symbol period’s = 1/B using ideal raised into (3) with equality for maximizing the capacity inl(4). .
cosine pulses; and b) the fading channel is varying slowly in Considering MUD in conjunction with the average transmit

time, i.e. the receiver is able to sense and track the chanR8Ve' constraint, the capacity is obtained as follows:

fluctuations and thus it corresponds to a block flat fading 5. > BI Ys,maz
= 0go (——— d . 8
channel model with an average received SNR[11]. o.s 92( Y0,s ) (s.maz) dYs.maa ®
2) Interference Power ConstraintWe consider now the
Ill. PERFORMANCEANALYSIS case of the average interference power constraint, in vthieh

Assuming VPVR adaptive modulation since power contrdéding distribution depends on both secondary and intemnfe
is used in both SS and OSA CRNs, we will analyse bofihks and the optimal power allocation of the SU-Tx is
continuous and discrete rate cases denoted as CR and DRol#ained as follows [4]:
spectively. We derive below first the channel capacity acde P(vsp) 1 1
over fading channels and second the spectral efficiencyrassu —p [—
ing CR and DR adaptive modulation schemes. As mentione
above, the SU-Tx employs MUD to select the SU-Rx an
therefore, the received SNR of the selected SUR¥,q. iS
obtained as follows [[10]:

:| , if Ysp > 7V0,sp 9
70,sp Vsp

%eremsp is the optimal cut-off level of the received SNR at
e SU-Rx considering the interference power constraidt an
thereby they,, is equal to[[4]:

gs,ip
Ysp = T o (10)
Vs,maxr = MaxX Vs, (1) . . . gpNOB . . .
’ 1<i<L Considering again MUD in conjunction with the average
with probability density function (PDF) obtained as follsw transmit power constraint, the capacity is obtained as¥l
Fromas(@) = Ly, (2)Fy,  (2)5 7! @ o= / Blogs () [ () o (1)
Y0,s »SP

where f,, . (z) and F,, ,(x) are the PDF and the cumulative : .
distribution function (CDF) of the received SNR ; at the Notably, the PDFS (v maz) and f (7sp,max) Will be obtained

i — th SU-Rx respectively. The overall average achievabf(ce)r Rayleigh and Nakagami: distribution using the analysis

capacity at the secondary system (i.e. SU-Tx to SU-Rx) ﬁ)sgov!ded n Sec_t|on IV whereby the P.DF and CDF will be
. i obtained for a single user and then using equafibn (2) for the
obtained as follows:

one with the best SNR.

Cs, = Bloga(1 + v¥s.maz) fr. dzx. 3 - . _ _
/0 0921 + Ysmaa) Fre s (2)2 3 B. Spectral Efficiency in Continuous Rate Adaptive Modula-
tion
A. Channel Capacity ) 1) Transmit Power ConstraintThe power allocation that
The average channel capacity of a fading chadhéh bits maximizes the spectral efficiency in SS system, i.e. assgmin
per second) is given by[ [9] (@) and the adaptive modulation in_[2], is given as follows:
1 1 0,s
] < P(7) POu) _ ) s~ 7R 2R (12)
C= B 1 — d 4 p 20,5
Iﬁlﬁ)f{/o ng( t1 5 )f(v) 7} 4 P 0,7s < 2
where the instantaneous transmit powry) chosen relative where K is an effectiv_e power loss that retains the bit-error-
to ~ is subject to the following power constraints: rate (BER) value and is equal to:
o0 ) ~1.5
/0 P f(y)dy <P (%) K= GBER) (13)
Combining the equations above, the spectral efficiencytfer t
oo _ continuous rate adaptive modulation is maximized up to a
/0 P(yep)f(vsp) dysp < Q (6) cut-off level in SNR denoted as) , x = vs/K obtained as

) _ follows [2]:
where [b) represents the well-known transmit power coimtra

applied to OSA systems and tHe (6) represents the additional (S.)cr = / ZOQQ(M)f(%,mM)d%,mM. (14)
interference power constraint applied to SS systems [4]. Vs, K 70,5, K



2) Interference Power Constraintin the same way as 2) Spectrum SharingWe assume that the channel gains
above and taking into accounf (9), we have the following: ¢,; and g, are i.i.d. Rayleigh random variableg;. For

1 1 > Yo notational brevity, we will denote the term ,.q./gp 8Sgs/gp-
P(W_sp) _ ) e YooK Ve = TR (15) We will substituteX = g,/g, so that the PDF of the received
P 0,7sp < 152 SNR at the SU-Tx is obtained as follows:
Replacing the index with the indexsp in (14) taking into oo
account[(1b), we can finf. at the link with channel gaips,. flx) = / ze e *dz
Again, the f(vsp,maz) is Obtained using’{2) and the analysis o )
obtained in Section IV. _ _¢ 021 + 2 + a2) o= L 21)
(1+x)? O (1+a)2

C. Spectral Efficiency in Discrete Rate Adaptive Modulatiognich is identical to the expression presented[inl [14]. The
We now consider a DR MQAM with a constellation seCDF of the PDF in[(21) is obtained as follows:

of size N with My = 0,M; = 2 and M; = 220U~ for

j = 2,...,N. At each symbol time, the system transmits Flz)=1- 1 22)

with a constellation from the se¥/; =0,1,...,N [2]. The 1+

choice of a constellation depends gni.e. the SNR over that Substituting [2I1) and[{22) intd](2), we can derive the PDF

symbol time, while theM constellation corresponds to nof, ..(z) of the maximum received SNR and thus the

data transmission. The spectral efficiency is now defined @gpacity and spectral efficiency for CR and DR adaptive

the sum of the data rates of each constellation multiplied yodulations derived above.

the probability that this constellation will be selectedidhus
it is given as follows: B. Nakagami-m Distribution

(Se)pr = Ej-vzllogz(Jij)f(vs,j <y < Yeg1) (16) 1) Opportunis_tic Spectrum A_c_cesWe now assume that
' the channels gaing ; andg, are i.i.d. Nakagamim random

subject to the following power constraint: variablesvi and thus the following Nakagamin distribution

Tedtl P is applied:

T / %ﬂp(%)dvs =1 (17) PP
pENT
_ m,.(m—1)
where P;(v,)/P is the optimal power allocation that is ob- o) =20 e g0 (23)
tained from [(¥) for each constellatial/; with a fixed BER I'(m)
as follows: and the CDF of the PDF il_(23) is obtained as follows:
1 1 s _ _ m—2
Pi(ys) ) M= D5z — 5k My < 570 < M F(z) = M(l — (1 + ma)e ™). (24)
5= (18) T'(m)
P 0,M; =0

2) Spectrum SharingWe now assume that the channels
where v ;- is a parameter that will later be optimized tagainsgs; andg, are i.i.d. Nakagamim random variables’
maximize spectral efficiency by defining the optimal constehnd thus follow the following Nakagarmin distribution for a
lation size for each,. The analysis for the interference powespecific channel gaity = = :

constraint is obtained as above by replacingvith v, taking mm 5 (m=1)
into account (9) and (10). f(z) = T elmma), z22>0 (25)
(m)
IV. FADING DISTRIBUTIONS IN MULTI-USER wherem represents the shape factor under which the ratio of
ENVIRONMENTS the line-of-sight (LoS) to the multi-path component is izead
A. Rayleigh Distribution [15]. Assuming that both channel gaigs; and g, have in-

1) Opportunistic Spectrum AccesdVe assume that the stantaneously the same fadmg.fluctua.tlonsmg.: Mp =1,
the PDF of the termX = g,/g, is obtained as follows:

channel gainsgs; and g, are independent and identically
distributed (i.i.d.) Rayleigh random variableg. In OSA

m—1

systems, only the transmit power constraint is applied hod t flz) = v 7 > 0. (26)
(7) depends on the channel gain on the secondary linkgi;e. B(m,m)(z + 1)*™
and the PDF is obtained as follows [9]: After some mathematical manipulation, the CDF of the PDF
,z in is obtained as follows:
fl) = e™™ (19) @5)
d the CDF of the PDF in_(19) is obtained as follows: m
and the of the in(19) is obtained as follows Fy oy (2) = 1 R mamil bmi2) (27)
Pla) = (1-¢7) oy U Blmm)m
log(e) ' where » F (a, b; c; y) is the Gauss hyper-geometric function

Substituting [(IP) and[(20) intd](2), we can derive thehich is a special function of the hyper-geometric sefieg.[1
PDF f,, ,...(z) of the maximum received SNR and thusSubstituting [(25) and(27) intd](2), we can derive the PDF
the capacity and spectral efficiency for CR and DR adaptieé the received SNRy; ..., Of the selected SU-Rx for the
modulations derived above. Nakagamimn case.



V. NUMERICAL RESULTS
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In the following figures, we depict the capacity and spectr
efficiency for continuous and discrete rate cases respgtiv
in OSA and SS CRNs. More specifically, Fig.1 depicts th
capacity and spectral efficiency for continuous and discre
rate in bits/Hz versus the average transmit powEy, in
the secondary link for different number of secondary use
(i.e. SU-Rxs) equal taVy, = 1, Ny, = 5 and Ny, = 15. In
this figure, the average interference power constraint does
exist, in other words, we use the transmit power constrai
applied in OSA CRNs. Thereby, the performance of adapti
modulation in OSA CRNs is depicted with multiple SU-Rxs
For the discrete rate case, we assume 5 regions of M-QA
with M € [0,4, 8,16, 64]. Obviously, as long as the numbel
of secondary usersV, increases, the capacity and spectr: 0
efficiency increase as well. We notice that a small increa
in the number of SU-Rxs i.e@V, = 5 gives a big performance
enhancement irbits/Hz, almost more than one and halfFig. 2. Channel capacity~{o) and spectral efficiency of continuous-£)
imes. However, a bigger Increase In SURxs R, = 15 91 SCrE 0 Kbl Tonilon 2.0 e errre b
gives smaller performance enhancement, indicating tlyere
that the increase in capacity and spectral efficiency eteibi

a saturation behavior. with the Nakagamin fading coefficient given by m = 1
Fig.2 depicts the capacity and spectral efficiency over th@suming Rayleigh and m = 2 assuming Ricean factor equal to

average interference pow@x,, at the link between the SU-TX 2 4312. In addition we assume interference power conssrain

and PU-Rx. The average transmit power is taken tPhe= of Quv = —10dB, Quv = 0dB and Q., = 10dB as well

20dB. Thereby, the performance of adaptive modulation in S& a transmit power of,, = 10dB. Thereby, we depict

CRNs is depicted for multiple SU-Rxs over the interfereng@e performance of adaptive modulation in SS CRNs versus

channel. We realize that the performance increase is higlhigé number of secondary users i.e. SU-Rxs. The impact of

than the one over the average transmit poWgr as depicted ,;, is more evident for high interference power constraints

in F|gl either assumin@’s =5or NS = 15. This is due to e.g. Qav — lodB’ where the degradation fromm = 1 to

the fact that as the number of SU-Rxs increases, the pagsibil,, — 2 can be more tharBps/Hz for high number of

of finding an SU-Rx with sufficient SNR increases and thusy-Rrxs, e.g.N, = 15. On the other hand, the impact is

the performance rate on the interference link increasesras | negligible for low average interference power constraiatg.

as the constraint is being relaxed, i@,, increases. Q.. = —10dB, where the fading environment i.e. changes

in m does not decrease the performance significantly. For a

more comprehensive view in Nakagamiehannels, we depict

in Fig.4 the spectral efficiency vs. the average interfegenc

power ., for average transmit poweP,, = 10dB, and

thereby the case of a SS CRN, different number of secondary

usersN, = 5 and N, = 15 for m = 1 (Rayleigh) and

m = 2 (Ricean) for the Nakagami distribution. Obviously,

in Rayleigh conditions the system achieves better perfooma

and the gain is more evident when the number of secondary

usersN, increases.
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VI. SUMMARY

>
T

In this work, we have analyzed adaptive modulation in
multi-user cognitive radio fading environments. In partar,
we have analyzed the performance of adaptive modulation
in cognitive radio networks with multiple secondary users
assuming multi-user diversity as a transmission seledtict-

egy. Both opportunistic spectrum access and spectrumnghari
Fig. 1. Channel capacity—o) and spectral efficiency of continuous-£) gy PP P P

and discrete rate—<{d) adaptive modulation vs. the average transmit poweq:()gnltlve rgd|o SYStems are considered u5|_ng const_ralmts 0
Py, for different number of secondary usel as depicted. the transmit and interference power, respectively. Thezelér

fading distributions model both Rayleigh and Nakagami-
Fig. 3 depicts the spectral efficiency in continuous anchannels. Finally, the spectral efficiency gain is depidted
discrete rate versus the number of secondary users (SU-Rxshultiple secondary user environment.
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Fig. 3. Capacity and spectral efficiency vs. number of SU-Ris with
m = 1 (Rayleigh) andm = 2 (Ricean) for the Nakagamim distribution.
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Fig. 4. Spectral efficiency vs. the average interferenceep@y,, for average
transmit powerP,,, = 10dB, different number of secondary uset§ and
with m = 1 (Rayleigh) andn = 2 (Ricean) for the Nakagamim distribution.
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