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Underlay Cooperative Cognitive Networks with Imperfect
Nakagami—m Fading Channel Information and Strict

Transmit Power Constraint:

Interference Statistics and

Outage Probability Analysis

Khuong Ho-Van, Paschalis C.

Abstract: This work investigates two important performance met-
rics of underlay cooperative cognitive radio (CR) networks In-
terference cumulative distribution function of licensed wsers and
outage probability of unlicensed users. These metrics arehor-
oughly analyzed in realistic operating conditions such asmperfect
fading channel information and strict transmit power constraint,
which satisfies interference power constraint and maximumrans-
mit power constraint, over Nakagami—m fading channels. Novel
closed-form expressions are derived and subsequently vaéited ex-
tensively through comparisons with respective results frm com-
puter simulations. The proposed expressions are rather lam but
straightforward to handle both analytically and numerically since
they are expressed in terms of well known built-in functions In
addition, the offered results provide the following techntal in-
sights:4) Channel information imperfection degrades considerably
the performance of both unlicensed network in terms of OP andi-
censed network in terms of interference levelsji) underlay cooper-
ative CR networks experience the outage saturation phenomen;
i4i) the probability that the interference power constraint is satis-
fied is relatively low and depends significantly on the corrgsonding
fading severity conditions as well as the channel estimatioquality;
1v) there exists a critical performance trade-off between unkiensed
and licensed networks.

Index Terms: Cooperative relaying, imperfect channel information,
interference statistics, multipath fading, underlay CR.

I. INTRODUCTION

Sofotasios, and Steven Freear

that are allotted to licensed users [2]. A notable technplufy
CR systems is thanderlay mode where users intelligently ad-
just their transmit power to ensure that interference anksed
users remains below an acceptable controllable level [3].

In general, the transmit power of unlicensed users is con-
strained by two critical power measures: The maximum in-
terference power that licensed users can tolerafehe maxi-
mum transmit power that unlicensed users are capable takeper
[3]. Constraints on the transmit power of unlicensed usent |
their transmission range. However, this shortage can lee-eff
tively remedied with the aid of cooperative relaying tecfugs
which explore short-distance point-to-point communimatior
lower path-loss and combine identical signals from se\eral
dependent channels for space diversity and thus, extericéng
corresponding coverage [4]. Cooperative relaying systamms
sist of relay nodes operating in either the amplify-andsfand
(AF) or the decode-and-forward (DF) protocols.

It is also known that outage probability (OP) constitutes an
important performance metric in the study of the informatio
theoretic performance limit [5]. Likewise, channel infaation
(Cl) plays a crucial role in aspects of system design such as
spectrum allocation optimization. Nevertheless, due ¢dlith-
itation of channel estimation algorithms the availabitifyper-
fect Cl is practically impossible. Furthermore, multipdtiul-
ing can be adequately characterized by Nakagamdistribu-
tion, which is a flexible model that also includes as a special
case, forn = 1, Rayleigh distribution [6]. As a result, analytic

The rapid growth of emerging wireless technologies and sexaluation of OP under imperfect Nakagami fading channel

vices has led to a critical dilemma regarding efficient eitpto

information is realistic, general, and essential. In tluatext,

tion of available spectrum resources. On the one hand, it the OP of underlay cooperatiV®vo-hop CR networks was an-

been shown that licensed users under-utilize significahtyr
traditionally allocated spectrum [1]; on the other handstonir-
rent wireless applications compete for rather limited spec
resources. Cognitive radio (CR) technology has the patktati
improve substantially spectrum utilization efficiency dipa-

ing unlicensed users to access opportunistically frequieacds
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alyzed in [3], [7}[13]. Specifically, the work in [3] studies the
outage performance of underlBY two-hop CR networks over
Nakagami-m fading channels while [A[10] consider under-
lay DF cooperative CR networks oveRayleigh fading chan-
nels. The common ground between [3],-£{10] is the assump-
tion of perfect Cl and two power constraints. On the contrary,
only few works investigate the effect dfiannel estimation error

on the outage performance of underlay relay CR networks. In
more details, [11] assumes imperfect Cl between the liaknse
network and the unlicensed network but perfect Cl among the
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is considered. The authors in [12] study the CI imperfection
on all channels but also only with the interference powercon
straint. Moreover, [13] presents the asymptotic analylsi®op-
erative CR networks considering both interference power co
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straint and maximum transmit power constraint but it dods no
investigate Cl imperfection on all channels simultanepusi
other words, the imperfect Cl between the licensed netwodk a
the unlicensed network but the perfect Cl among the unliegns
network; or the imperfect Cl among the unlicensed netwotk bu
the perfect Cl between the licensed network and the unlezEns
network. Furthermore, [11][13] consider only Rayleigh fading
channels.

To the best of our knowledge, the analytic performance evalu
ation of OP in underlay DF cooperative CR networks underreal
istic conditions such asnperfect Nakagami —m fading channel
information and two power constraints, has not been addressed
in the open literature. Motivated by this, the present waork i
vestigates this topic by deriving an analytic expressiarttie Fig. 1. System model.

OP in such networks. The proposed analysis also includes [3]

[71—[13] as special cases while the easily computed proposed

expression facilitates the performance evaluation withme- taining useful insights on the behaviour and performance of

essarily requiring exhaustive simulations and possibteay underlay cooperative CR networks in different fading cendi

design optimization. It is also shown that imperfect Cl @efgs tions. The probability density function (pdf) of the magmie

the system performance considerably while underlay ca@speof the channel coefficienty, 4|, between user and usey can

tive CR networks experience the outage saturation phenomerpe expressed agy, () = 2Amz2mfle*1\12/{‘ (m), where
Due to channel estimation errors, the interference at }j- ¢ {Us,Ur}, q c {Ur,Up, Ly}, > 0, A = m/\ with

censed users can not be always maintained below an accgpt- 2 . :
: o . R = 5{ b } Furthermorel'(.) is the Gamma function [15,
able level. Therefore, thorough investigation of its stats is [Pudl () [

undoubtedly necessary. To this end, the interference amffd: (8-310.1)]and{.} denotes statistical expectation.

tive distribution function (CDF) of licensed users was ded ~ 1he received signak,, 4, at the user is modeled as,,, =
for Rayleigh fading channels in [11], [12], [14]. Capitatig 0w.aCu + du.q, wheré d, ~ CN(0,No) is the noise at user
on this, the present work investigates the interference @pF ¢ Whereas:, is the transmitted information symbol. The sym-
Nakagami-m fading channels. Various results illustrate tha?0! energy ofc, is denoted asv, = &ffcu|"} and is strictly
the value of the interference CDF at the maximum interfegenset asy,, = min (IT/ bu.L,|? ,Pm) in order to satisfy both in-
power is relatively low and significantly dependant upon t

severity of fading and the channel estimator quality. Ferth transmit power constrainty, < P,., [3]. Here, I is the max-

mo;g, thlet w;';\erfgrpen(;e I(la_vel at :]llcensed l?er:s IS |Ir:vetr|séi;y imum interference power that licensed users can toleratke wh
]E)or lona ? de fft(: :A? |ceTse usdersv(;/ |c|. resu g ?gn/ve Pp  is the maximum transmit power of unlicensed users.
ormance trade-ofl between licensed and Unlicensed NSV — pagaq on the linear minimum mean-square error channel es-

. The rest c_>f the paper is organized as follows: Sec“‘?” IISlCev'timation, the corresponding estimation error model canxbe e
its the considered system model and addresses the interéere ressed a8, . — b, . + where ~ CA(0,7) is the
statistics of licensed users. The novel OP expression amd-it b wa e A'E“’q,’ 6,“"1 0,7
lation to previous works are provided in Section Ill. Theid#y channgl estimation erro,q Is the_ est!mgte c_>f the — 4 chan-
and behaviour of the offered results are analyzed in Segdon N€! Which follows the Nakagarnim distribution with param-
and closing remarks are given in Section V. eters{m, {} and¢, , is statistically independent %ﬁ, [16].
Furthermore, the corresponding varianceg.0f, andb,, , are
expressed as = \/(1 + pfX\) and¢ = pdA?/(1 + pd)), re-
IIl. SYSTEM MODEL AND INTERFERENCE spectively, withp > 0 accounting for the quality of the esti-
STATISTICS OF LICENSED USERS mator andd = I /(NogA) denoting the transmit signal-to-noise
ratic® (SNR). To this effect, by letting., , = |b.,o|? it follows
at the corresponding pdf is given by [6, eq. (2.21)], namel

Licensed network Unlicensed network

N&rference power constraint,, < It/ |bu7Lm|2, and maximum

We consider the underlay cooperative CR network in Fig.
as in [3], [8]. The unlicensed network performs two-stage c
oper.atlv.e reIaymg Where_ the sourGe commurjlcates Wlth- the Ld ~ CN(q, p) denotes a circular symmetric complex Gaussian random vari-
destinationUp with the aid of the relay/r. This communica- able with meary and variance.
t|on causes |nterference to ||Censed user(s) namgijnng 2ACCOI’diﬂg to the channel estimation error model in [lG],tfaasmlt SNR is

1 U its its inf . hile i ’ . . the ratio of the transmit power to noise varianag,/No. When allocated to pi-
_Stage VS transm|t_s ItS_ information while 'n Stagat reémains ot symhols, the transmit power must be assumed to be canstgno;,. Under
idle andUg, operating in the DF protocol, is activated only afthe interference power constraiat,, must guarantee the interference power at
ter successful decoding 6fs’s information. Then{/p restores tlhe 'Eensled tl,Jsef belo?ry/if- Oép(lbu,;m |2 < ;]TV As Slucy(, ;\)In f)velragﬂpk SI

s . . . - . = T, by selectingn, = I/, and sof = ap/No = I7/(NoA). In general,
U_S S |nformat|or_1 either with maximum rat|q compmmg of bothye yansmit power of pilot symbols should bg — min(Zz /A, Prn). How-
signals fromUg in stagel andUy, in stage2 if U, is active, or ever, eithera;, = I/ of oy = min(Ir/\, Pr,) eventually reflects the

based on the signal frofig in the stagd if Ug isidle. channel estimation error varianee Thus, by changing- indirectly through
changingp, we still capture the effect of channel estimation errorfngystem

We assume mdependent frequency-ﬂat Nakagamfagllng performance. Since the channel estimation is outside thgesof our paper, the
channels with the parametefs:, A}, which can assist in ob- setting of¢ = I/(No)) is just an example to illustrate this effect.
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fho,(x) = Bma™"e=P /T (m), wherez > 0 andB = m/¢.  effect and with the aid of (1) and setting= ,/y, it follows that,
For imperfect Cl, the use# modifies its transmit power ac-

cording to [14, eq. (2)]¢, = min (IT/|13uL |2,Pm), which o Vel (27@)

. _ “ oo m=1\ Ve (=)
yields the interference power at the licensed usgras Z = Pr{Z <z} =1-4 — = dtdx
O‘L|bu,Lm|2 = min(Ir/|bu,z, %, Pm)lbu,z.|?. Sincelby,r, |* # Lo rEententty
|bu.,|?, the corresponding interference power can not be al- (3)

ways guaranteed belofy, which can be proven detrimental towhereA; = 2(n1n2<p)(1_m)/2/[F (m) (1 — @) mne]. Notably,

the operation of licensed users. Therefore, the questatmtt- the inner integral can be expressed in terms of the Marcum
urally arises iswhat isthe percentage of the interferencepower  @—function, Q..(a,b) in [6, eq. (4.60)]. Therefore, by setting
constraint met under imperfect channel information? To this v = t\/2/[(1 — ¢) 12] one obtains,
end [11], [12], [14] provided the interference CDF, whiclles

fined as the percentage that the interference at licenseslissep,. ¢, _ v _ ¢ _ /OO l’m_: o+ * QulymT, \/:3_56) de
below a certain level, for Rayleigh fading channels. Ouspre o TIETT - xl=mrenr

work generalizes this concept by considering Nakagami p 4

fading, which is more realistic and includes [11], [12],[B4 a 4)
special case fom = 1. wherer; = 97" T(m), 7 = 20/ (1 — )], 73 = 2/[n222(1 —

~ Subsequently, we sét; = VX = |by,r,| andWs = VY = ©)]. Evidently, deriving an exact closed-form expression for
|bu,z, |. However, before deriving the CDF df, it is essential Pr{Z < z} is subject to analytical solution of the integrdis

to determine the joint pdf ok andY’. and7s. Firstly, it is observed thaf has the same algebraic rep-
Lemma 1: Given the Nakagamim distributions ofi¥;, = resentation as the upper incomplete gamma funcfita, x),
|by.,| andWy = |b, 1. | with parametergm, ) and (m,¢), [15, eq. (8.350.2)]. Thus, by performing the necessary ghan
respectively, the joint pdf ok andY is expressed as, of variables one obtairfs = I' (m; 21/m)/T (m).
In what follows, we derive an analytic expression far
n2zx+ni1y .
(xy)m/ge, S (\/%/?szw)) Theorem 1: The following representations is valid f@g,

fxy (%,y) (1)

/AT (m) (1 — @) plm=1/2 () ™D/

T ~ i mil L(g4+10) g = 2a?b¥ T (m 41 +i; Azzy) (5)
—~ = L (m)e=m1li121+i (g — 1) A+

wherel,, (.) is the modified Bessel function of the first kind and
mth order;ny = E{W}/m = Xm; n; = E{W§}/m = whered, = ¢ + (a?+6%) /2, a = \/20/[1—@)m], b =

¢/m; o = (T (m+2)/(mI (m) A) + m7 /A —m. 2/[(1 = @) n2z2) ande = 1/n;.
Proof: The joint pdf ofi¥; andWs is [17, eq. (1)], Proof: The7; term can be expressed wad.th, ¢ yielding,
To = 15y Jo @™ e Qu (ay/T, by/T) dr. A simple repre-
4(zy)me_%lm,l ( 2y ) sentation folQ., (a, b) was reported in [20, eq. (6)]. Performing
Fww (z,y) = Vi (1-¢) ) the necessary change of variables and substituting in éJsji
’ T (m)mma (1= ) (mmap) ™/

g /OO (g + 1)axm*=11 (m +1; I’QT:”) dx
- (6)

where denotes the correlation coefficient which emerges by/2 =~ a2
its definition, i.e..p = cov (W2, W3)/+/var {W2} var {WZ}, =07, 112'T'(m) (¢ — D)!g*~'T (m + 1) e(H_ ok
[17]. By utilizing [18, eq. (2-1-149)] it immediately folles that, . ]
var {W2} = X2/m andvar {W2} = ¢2/m. To this effect, the By subsequently applylng [15, eq. (8.352.2)] and perfogntire
covariance of? and W2 is straightforwardly computed with N€cessary change of variabless, it follows that,

the aid of the standard identityov(W32, W2) = E{WZW2} — > .
E{WPIE{WS}, which after long but basic algebraic manipula- - 6 ¢"L(g+1)g'*a®p> [ amti
tions yieldscov(W2, W3) = T'(m+2)/T'(m)¢?/m2+7¢(—XC. 2= Z T(m)ill2t+i (g —1)! /

By substitutingvar { W2}, var {W3} andcov(WZ, W$) into &

the definition of  yields ¢ = ¢TI’ (m +2)/(mI’ (m) A) + 36 apove integral can be expressed in terms of thex) func-
m7/A — m. Subsequently, by setting, = VX andW, = tion. Therefore (5) is deduced, which completes(the i)rootf]

VY, the joint pdf of. X andY’ is readily deduced from that It is evident that the probability that the interference pow
of Wy and W5 in [19, eq. (6-115)], namelyfxy (z,y) = constraint is satisfied is expressedPaqd Z < Ir}.

| (z,9)| fw,,ws (VZ,/y), where the Jacobia (z,y) is
1/ (4y/zy), [19, eq. (6-114)]. Thus, substituting (2) yields (1),

(7)

redaa

which completes the proof. a IIl. OUTAGE PROBABILITY ANALYSIS
The CDF of Z is Pr{Z <z} = 1 — Pr {min(I7/Y, Py,) By recalling thata,, = bygcy + dug and b,, =
X > 2z} = 1= Pr{X>2,X/Y >z} = 1 - 3 4¢  itfollows straightforwardly that, , = by qcu +

I fO% fx.v (z,y) dydx wherePr {X} denotes the probabil- (§, 4c. + du,q). To this effect, the received SNR can be ex-
ity of the eventX while z; = 2/P,, andz, = z/Ir. To this pressed ashuq = [bu,q|*€ {|cul®} /E{|€uqCu + dug|?} =
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Oz:l|E)u7q|2/(Oé;T +Ny). By performing the necessary variablélo this effect and with the aid of the following two prelimines:
changeyield$, , = min (It /hu. 1, Pm) hu,q/[min(I7/hy z,, o PreliminaryC [15, eq. (1.111)]: The binomial expansion
P,,)T + No]. Given also the transmission rate of the unlicensed (a4 b)" £ Y1 | (7)a’d"~* which holds fora,b € R,
network D and according to the foundations of communica- n € N.

tion theory, the receiver is in outage if the inequaliti®s > o PreliminaryD: [ Lidt = [ Lo dy = F(‘Zﬁf’x}
1log, (1+ ) or¢ < k hold, wherek = 22P — 1 whereasy the proof of Theorer can be completed. |
is the received SNR and thig/2 factor exhibits the two-stage Likewise, theR,, integral is solved in the next Theorem.
nature in cooperative relaying. In the present relayingqual, =~ Theorem 3: The following expression holds fa25,

Up is in outage either when bolliz andUp, are in outage i.e., 9 _ 3

Yusun < k. tusu, < k, or when onlyUp is in outage Riz = 7~ (m; Bk (7 + X)) v (ms Bp) /T° (m) . (13)

e Yu.u, > kandvy. v, + o, < k. Thus, the OP of Proof: The proof follows by applying preliminard. O

underlay cooperative CR networks can be expressed as, A Derivation of R

Pout = Pri{vus,up, <k, Yus,un <k} With the aid ofus vy, Yus.vp, @aNdYy,. v, ONE Obtains,
R1
(8) _ Ashus,up Ashus,ug
+Pr {wUs,UD + ’l/)UR-,UD < k:,/l/}US7UR 2 k} R AT+ Ny * wUR.'UD <k, AsT + Ny =k
s o0 Pf hUs Up < (k_ﬁiA“’}fhus,Lm (2)
By recalling the general form fafy, 17, andvy, vy, theRy / / —dzdy
term in (8) can be expressed as follows, Pr hUs U > e } foupop (y)}
R, = Pr {A3hUs Up . Ashusun _ k} (14)
AsT+No " AzT + No wherefy,, . (y)isthe pdf ofyy, v, andAsg = As7 + No.
- /°° {h k (Aar + No) } o Theorem 4: The pdf ofyy, 7, can be expressed as,
vt Ay 7y (m; Bp) Agymte Aoy
fl/)UR,UD (y) - T2 (m)
X Pr hUU<M fh (:L')d:L' m—1 a bt
S UR A4 Ug,Lg N Z Z -+ ar(b+m BMAH)
whereA- — mi . al Tﬂ)b aeyﬁ'rAber
3 = min (Ir7/hys.1,, Pm) andAy = min (It /z, Py,). a=0 b=0
Sir;celi.zuyg is Njkf}i)gz?r;:'km dis’iribute(d, itﬁfol)l%v? th)at: <7'5 a (uﬁAll)b+m6_B(“+Xy) N b+ m)
« PreliminaryA: Pr{h, , <z} = (m; Bz m). ——— -
o PreliminaryB: Pr{h, , > 2} = ' (m; Bz)/T (m). v Aul(b+m; fpdn) A
wherey (a; x) is the lower incomplete gamma function [15, eq. (15)
(8.350.1)]. With the aid of preliminaryl one obtains, whereA;; = 1+ vy.
. /oo Frigr, (@) da /u frog r, () da -Pr(-)o-f: The proof islprovided in Appendilg . o
L= . T2m)yy~2(m;kAs)  Jo T2(m)y—2(m; kAs) Capltallzmg on the soI_utlon of Theoretrand utilizing prelimi-
naries4 andB, theR, integral can be expressed as,
Ri1 Riz
(20) i (k—y) As) ths Ly (2) dd
where A5 = B(r + vz), As = B(r + x), x = No/Pum, r2 T(m; kAs) oy o )] LY
. e YUR,Up
v = No/Ir andp = x/v. Evidently, deriving a closed-form k A
expression fofR; is subject to evaluation d®,; andR;,. / / y) As) ths Lo (%) dxdy
Theorem 2: The following expression is valid faR 11, 2 (m) [[(m; kAs) fyu 0, (9)]71

(16)

m—1 1

(m; Bu i\ 2kWPT(p+ m; Buds)
Ri1 = E § ,
1= 22 ( ) m)eBThil(7B)p—i AT and equivalently,

. k oo
i i j (Tﬁ)lJr]*P*SkH-jF(Ag; BMAS _ ’Y k Yy A5) thS La:( )d p
" Z 2 (p) (s) il5\T (m) A e2kBTy—p—s 0/ / F2 )T=1 (m; kAs) 2 Fpop (W) dy

(11) Ra1i
where(}) = gty A7 = 1+ kv, Ag = 1+ 2kv, and Ra1
Ag=p+s+m. k
Proof: By applying [15, eq. (8.352.1)] one obtains, Jr/r(m;k’Aﬁ)W(m? (k—y) As)wa o () dy.
. 1 ) O e T T
g " [Bk (T + vz ] am1
Ri1 = F( / Z ileBk(T+vz) b dx. (12) Raz
s P (17)
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Deriving (17) is subject to solvin§2; andRq2. However, prior pendix1, the following closed-form expression is valid,
derivation of some essential analytic results is necessary
Lemma 2: The following closed-form solutions are valid, mlJ kIvPT (p + m; BuAz)Ra11
Rar = 2 Z

SN TBPIT (m)elTh AL

fzalzzao JU,dsk,B,v, 1 4 (23)
: i o J N kd (+3)iti—p—s
B k Yo (k — )" AT (0; Brdis) p + ZZ J kJ(TB) I7P75Ro10
- dp—1 (7. Yy — L s /) iljlo=P=sT(m)e2B7k
0 (1+Uy) I=1(; 801 +vy)p) (18) i=0 j=0 p=
o l w u
_ Zl Zl T"B(i+1,a+1) whereRo1, = Fy,,, ,, (k) and
- e2ﬂuA7 wlul Ag~" —i—a=1 '
w=0u=0 (m ﬁ,u) m 11p+s+m0kﬂv,u,x
X Fi(a+1,0—w,d—u,i+a+2;kv/As, —kv) R212f
()T ()
and m a b+m a £a,i,p+s+m,1;k,B,v,u,x
| PSS ()
fc ,8,0,73k, 8,0, 0, X /k yc(k - y)lF (07 ﬂA12M)d =0 b=0 a'U_ T F( )6P+é—aeﬁu
2120 0 Ag2(1 + Uy)J eBXy ’Ub ézl,éererm,ber,ber;k.ﬂ,v,u (24)
o-1 Fl(C +10—1,ji+c+2 5, kv) all'(m)rb=o=tgrtstmibra-t
— A13 ; ( ) ; i ’Ub 2a;21,i,p+s+m,b+m,b+m;k,ﬁ,v,u
! = (itet1)g0- I~ _ a
=0 l(ﬁ:u’) k A8 r (O)e M(lsg) F(m)r(a)Tb—aﬁp-i-s-i-m-l-b—a
(ber) Qaingrerm,ber,berJrl;k,ﬁ,v,,u
where A;s = + 2k — y)v, A13 = B(i+1l,c+1) + !l (m)Brtstmtb—ay—b—17b—a
while B(:,-) and Fi(-,+,+,+-,-) denote the Beta function Proof: The proof is provided in Appendix 2. i
[15, eq. (8.380.1)] and Appell hypergeometric function,[13 jkewise, a novel analytic expression il is derived below.
eq. (9.180.1)], respectively. Theorem 6: Given f5;%" and fo;bF P X in Lemma 3,

Proof: The proofis completed by expanding (18) and (1%he following exact closed form representation is valid R,
according to [15, eq. (8.352.2)] and using [15, eq. (3.211}]

Lemma 3: The following closed-form expressions are valid, mol 1)PB(r + x)Raa1
i R22 = FwUR,UD (k) - ZO ZO lkp zeﬁk(T-i-X) (25)
a 1= p=
f;Q?av :/ Y dy
o 1+wy (20) where
a a +a q
_ ( In A7 + Z a q (A ) m—1 a b+1 a+1 a+p,b+m,b+m;k,v,u1,8,x
Ua-i-l va“q R Z Z a) v (75) 221b
q=1 21 = — = a!l'(m)7b b v
and a+p—1,b+m,b+m;k,v,u,B,x b+mfk,ll+107’U
L _Jo21p + K 221a (26)
a,b,c;k,v,pu,B,x / yar(baﬂﬂ(l +vy))d (21) ailvTﬂ Tﬂlibimeﬁu
221b 0 (1 + vy)ce_BXy a+p,b+m,b+m+1;k,v,u,6,x mi.m+p
221b i o i V(m'ﬁ:u) AG k
b—1<a (ay T(b)(Bu)In(A7) I T6(b+m)~1 (m+p)T2(m)
Zq:() 1=0 (l) (=1)eFiglpatTer 14 = . ; i i i
= s ©) (— 1) T (b)(ATH 1 _1) Proof: The proof is provided in Appendix 3. O
- ¢ (M) == d — Ay # -1
=0 221=0 \1) oot (g+l—c+1 —deBH 14
! ! (aHt=et (B ’ B. Special Case
hered, = - - . . .
wheredyy =g +10—c koaw An The validity of the derived expressions is demonstrated

Proof: Settingt = 1+ vy yields 3537, = v=*~" [[77(t —

1)*/tdt while using preliminanC and basic integration yields
(20). Likewise, by applying [15, eq. (8.352.2)] one obtains

through comparisons with results from computer simulaion
and with expressions [3], [A[13]. Particularly for the case of
perfect Rayleigh channel information, it is shown that (&40
(17) coincide with [8, eq. (6)] and [8, eq. (15)], respedijve

b—1 v A .
a,b,cik, 0,18, _ I'(b) Z (Bp)* /Hk (t—1)° YO (22) Corollary 1: For the case of perfect Rayleigh fading channel
221b ebu = qlvatl te—a information, (10) coincides with [8, eq. (6)].

Proof: By settingm = 1 andr = 0, the R1; andRqs

which straightforwardly yields (21) and completes the firao  terms are simplified age1y = T' (1; Bu) — 2T (1; A7 Bp) /A7 +
As already mentioned, the derived results are importatan tU (15 As8p) /Ag = e P — 2e7PrA7 /A7 4 e=P1As [Ag and
derivation of analytic expressions f@,; andR ;. Riz = Y2(1;8xk)y (1;8p) = (1- e*"x"’)2 (1—ehm).
Theorem 5: Given the derived functiong®:i-o-l-d:k-6-v-i - Thus, by substituting accordingly in (10) one obtaifs, =
fehodikBomxin Lemma2 and Fy,, ;. (y) in (28) of Ap- e Prds A+ (1—e 5X"~) (1 —e=Pr)—2ePrAr J A e Pr,

212b
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Fig. 2. Outage probability versus Ir/No. Fig. 3. Outage probability versus Pr, /No.

To this effect, performing the necessary change of varile the channel estimation quality,, ;. |* or p, resulting in identi-
coincides [8, eq. (6)], completing the proof. o cal OP for any subsequent increasd pfandp.
Corollary 2: Given perfect Rayleigh fading channel infor- Fig. 3 depicts the OP versug,, /N, for I /Ny = 15 dB,
mation, (17) coincides with [8, eq. (15)]. D =1bps/Hz A =1,andp = {0.2,0.6,c0}, m = {1,2,3}. It
Proof: The proof follows immediately with the aid of theis seen that analytical results are in excellent agreeméht w
contributions in Corollaryt, Lemma2, and Lemma3. O the simulated results, which verifies the validity of (8).dd-
dition, the performance trend for varyir®,, /Ny is similar to
that for changing/z /Ny (Fig. 2). In other words, the OP de-
IV. NUMERICAL RESULTS creases with the increase iy, /Ny and quickly reaches the er-
This section presents various results that validate thigester ror floor at large values of’,, /Ny. This behavior can be ex-
expressions and demonstrate the performance behavior-of piained in the similar manner as Fig. 2. Nevertheless, thar er
derlay cooperative CR networks over imperfect Nakagami floor level in Fig.3 differs from that in Fig. 2 in that the for-
fading. Specifically, Fig.2 illustrates simulated and nuice mer depends op while the latter is independent of it. This
results for various imperfect channel information scessdyi phenomenon is explained as follows: For large valuespf
p = {0.1,0.5,00}, required transmission rate d® = 1 pin (IT/|Bu,LI|27Pm) ~ Ir/|bu.1.,|? completely controls the

bps/Hz, fading poweh = 1, severity of fadingn = {1,2,3}, ransmit power of unlicensed users. Consequently, theatiin
P /No = 150dB, I /Ny € [0, 48] dB. Itis observed that analy- level is dependent updh, 1., |* and hence, the better quality of

sis and simulation are in excellent agreement which Vamatthe channel estimator, i.e., largereduces this level. Moreover,

Wr;th CI?H“{ ttrf:e iccuralcy ?.f thf offered eﬁxprtessmn._ Ittlzgal the results in Fig. 3 are reasonable since the outage peafaren
shown that the channel estimation error affects considye is dramatically enhanced asandm increase.

corresponding OP. Furthermore, the outage performanasis, Fig. 4 depicts the interference statistics of licensedsiger-

ex:oe;:rt]ed, enhancetd V\gtrl]:_respz)e(;:t to de<t:retase of fadm%?ev_ersus the the channel estimation quality foe= 1, I+/Ny = 10
n the same context, Fig. emonstrates some rather in . P,/No — 15 dB andm — {1,2,3}. It is clearly ob-

esting results: 1) For low-to-moderate valuesief the corre- served that the analytical results are in good agreemeht wit

sponding OP is inversely prop(_)rtional]t@. Thi? is based onthet e corresponding simulated results which justifies theuacc
fact that/r controls the transmit power of unlicensed users, an cy of (5). Also, the probability that the interference ow
hence the higher thér, the higher the transmit power Wh'Chconstraint is satisfied i.eBr {Z < Ir} is relatively small e.g.,

ulimately reduces the OP; 2) an outage saturation OCCUYSIJP{Z < Ir} < 0.6. This indicates that channel estimation er-
the largelr regime; 3) the error floor level appears to be inr—

d dent of the ch | estimai litv ios Th ‘ ors can detrimentally affect the performance of licenseti n
ependent of the channet estimation quaiity lee.T 1€ PETIOT™ \yorks. Moreover, the results are reasonable as under ieyterf
mance saturation is due to the fact that the transmit powen-of

. channel estimation conditio®r {Z < Ir} increases with re-

licensed users imin (IT/|bu,Lx|2a Pm)- Consequently, aér  spect to the better quality of the channel estimator i.egela

p. Also, this probability is significantly reduced in moder&id-

ing conditions which indicates explicitly that the lessesevthe

fading conditions, the more damage unlicensed networksecau
3The larger thep, the better the quality of the channel estimator. The pterfe&o licensed networks. In contrast, as seen in Figs. 2 ande3, th

channel information correspondso= oo, and thereforer = 0 and¢ = X.  performance of unlicensed networks is considerably imgadov

exceeds a certain threshotdin (IT/|Z3u7Lx |2, Py, ) ~ P, de-
termines fully the corresponding transmit power, inde e of
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with respect to better fading conditions. Hence, for systiem
sign under practical conditions, such as imperfect chanfat
mation, it is important to account for the performance tratfe
between licensed and unlicensed networks.

V. CONCLUSION

The present work was devoted to the analytic evaluation of
the OP of unlicensed users in underlay cooperative CR net-
works with imperfect Nakagamim fading channel information
and both interference power constraint and maximum transmi
power constraint. A novel analytic expression was derived| a
validated by computer simulations. This expression waseub
guently employed in generating several results which ledea

that channel estimation error dramatically deterioratessys-
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Pp,), which can be rewritten agy,, . (
Fhog i, (@) [T(m)dz + [y

y) = [ (m;yAs)
myAG)thHL ( )/F( )

By substitutingfh .., (x) and utilizing [15, eq. (8.352.1)] y|elds
m—1 1 _
B o] B (yAS) ﬁmxm 1
Fyupp () _/u (1 ; ilev4s | T (m)eP= o (27)

+ 7 (m;yAs) v (m; B) /T (m) .
With the aid of preliminarie€ andD it follows that,
I (m; Bu)
I'(m)
m—1 1

220

Taking the derivative of (28) with respect ¢¢ (15) is deduced
thus, completing the proof of Theoretn

v (m; yAs) v (m; B)
I'2(m)
Py BT (p 4+ m; BA11 )
il (m) TP AP AP T BTy

F¢UR,UD (y) =

(28)

Appendix 2

Utilizing once morefy,, (=) and [15, eq. (8.352.1)] and [15,
eq. (8.352.2)], the inner integral of the first term in (17} dee
expressed as follows,

m—1 m—1
0o k y Az kgﬂmAJ m—1
RQHZ/ l Z ile(kh—y)As Z FI0(m )ekAo-Q—Bzdx
5 i=0 j=0

KIvPrI BIT (p + m; BA7p)
FIT(m) ALt rp BpepTk

G)()

m—1 jJ _]
- Zz(p)
j=0 p=0

m—1m—1 <

Yy

i=0 j=0 p=0 s=0

TR () (k — )" v
iljI0(m) (TB)PFsk—iv—p=s
(29)

tem performance while the outage saturation phenomenon ap-
pears under certain conditions. Furthermore, it was shtwan twhered,; = F(Ag;ﬁuAlg)/Af;. By substituting (29) into the

the channel estimation quality determines the saturatoal |
as It is a constant but not for fixeg,,
due to channel estimation error the interference at liacgnsers

can not be guaranteed below an acceptable level atalltintesa ., —

based on this the corresponding statistics was investidaith
analytically and through simulation. Various results sthated
that the probability that the interference is below the nraxin
interference power is relatively low and significantly degent

upon the severity of fading conditions as well as the chaesel

timation quality. Finally, it was shown that the interfecenat
licensed users is inversely proportional to the OP of unkeel

users, which constitutes the performance trade-off betiee
censed and unlicensed networks that should be considered in

future system designs.

Appendix 1

The CDF oYy, up, 1S Fyy v, () = Pri{dv,u, <y} =

Pr{hy, vy, < y(AisT + No)/x‘h‘s} = [ Pr{hugu, <
y(A4T + ]\70)/144}thR’Lm (,CC)CZ,CE with A15 = min(IT/hUmLm,

. It was also shown that

first term of (17) one obtains,

1
m— i k]Uijﬂ]Al’? / f
» AP ﬂrk Yupg, UD
s m)TP[Pe
_/_/
Ra11

A18f1/)UR,UD (y)d
iljl(k—y)™"

Roa12

EEEE()0)]

(30)

where A, L(p 4+ m;Bud7)/ALT™ and A
AygkIvPts (78)+I—P=3eBT(W=2k) /T (m). By recalling that
Roi1 Fyy . v, (k), substituting (15) inRa12, per-
forming some basic algebraic manipulations and utilizing
fonobdikBun gnd fe.nodikBvmx in Lemma?2, (24) is de-

212a 212b

duced and therefore, completing the proof of Theobem
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Appendix 3 [10]
By applying [15, eq. (8.352.1)] in (17), one obtains,

k m—1 (k/’ _ i AQ
_ 2 : y)' Ag
Rz = /O b ile(k—y)As waR’UD (y) dy
=0

m-1 i . i 8
_ ? (_1)1)14%]{31 f¢UR,UD (y) [13]
= Arg — Z (p) ilekAs kP y~Pe~yAe dy
0 0

=0 p=

[11]

[12]

N—— [14]
Ra21
(31)

whereAig = Fy,, o, (y). By subsequently inserting (15) in
Ra21, it immediately follows that,

m-1 a a k . 17]
b(rB)t! / T (b+m; BuAn) [
Rao1 = dy
221 — l;) % ( ) Tbﬁba'l—‘( ) yfafpefﬂxyAli-l‘rm [18]

FaEDbtm bt mik, v, B,X [19]
221b

m—1 a <a> (Tﬂ)a b/k F(b+m,ﬂuA11)€ﬁXydy [20]
I( 0

a)l'(m) yl—a—pA’H‘m

[15]

[16]

a=1 b=0

a+p—1,b+m,b+m;k,v,u,B,x
221b

m—1 a
(a) ohre gttt ryetr +/’“A20A’6"dy
0

i \b v=1all'(m)rbebr Jo Anp yl—m-p
k,a+p,v

RS (0 P+ m)rt e [F T (b ) dy

b) all'(m)v=17030 y—a—p ALFmHle—pBxy

fa+p,b+7n,b+mr+19k‘yvyuyﬂvx
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(32)

where Azg = ~(m;Bu)/T?(m). To this effect and since
fk y™ TP dy = k™TP /(m+p) while kaQ”f;f andf“’b’c’k’”’“ B
are given in closed form in Lemnta substituting (32) in (31)
completes the proof of Theoreén
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