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Abstract—This work is devoted to the study of dispersed  Ergodic capacity, one of the most important performance
spectrum cognitive radio (CR) systems over independent and metrics of wireless communication systems, has been exten-
non-identically distributed generalized fading channels More sively studied in the technical literature (see [2] and refiees
specifically, this is performed in terms of the high-order satistics . . N .
of the channel capacity overn—u fading channels. A generic therein). Fgrthgrmore, h|gher—ordgr stat|§t|cs_ (HOS) useful
analytic expression is derived for the corresponding:-th statisti-  tool for calibrating the maximum dispersion in the chanreel ¢
cal moment, which is subsequently employed for deducing ega  pacity [3]. Considering that this dispersion is heavilyeated
closed-form expressions for the first four moments. Using thse by the heterogeneity that inherently exists in contemporar
expressions, important statistical metrics such as the anumt of wireless communication networks, HOS can effectively fead

dispersion, amount of fading, skewness and kurtosis are dieed . Lo . .
in closed form and can be efficiently used in providing insigts reliable communication designs. It is notable that HOS ef th

on the performance of dispersed CR systems. The obtained Channel capacity can provide critical information on ths-di
numerical results reveal interesting outcomes that could & useful  persion of capacity around a signal-to-noise ratio (SNR)eva

for the channel selection, either for sharing or aggregatio in  and thus insightful gains can be extracted for the transamiss
Cv?rt:lrgsgseggom“;ug?ﬁfﬁ%ﬁi}‘;‘é@%‘s'S the core structure of fulle 1oy ghput reliability [3], [4]. The latter is very imporiain a
' new feature of 3GPP LTE-Advanced communication systems,
Index Terms—Cognitive radio, dispersed spectrum, channel calledcarrier aggregation where multiple component carriers
capacity, high-order statistics, amount of dispersion. aggregated at the receiver side of a user equipment to get a
wider bandwidth and, hence, increased data rate [5].

} ] ) ] Prior works on the HOS of the capacity over generalized
C OGNITIVE radio (CR) is becoming an emerging teChtading channels have been focused on the diversity reeiver
\~ nology for the next generation of wireless communicap particular, Yilmaz and Alouini studied in [3] the HOS ofeth
_tlon systems, ie. 5th Generation (5G). CR can be eﬁmen%annd capacity for a receiver equipped with a maximabrati
implemented in heterogeneous networks (HetNets), Wher%'é‘mbiner (MRC) over correlated generalized fading chanel
channels can be allocated from heterogeneous bands (fere the HOS expressions were given in integral form. In [6]
non-adjacent bands) and their sharing or aggregationreeatdagiaset al. studied the HOS of the capacity for several diver-
among several basestations and multiple users. These RAY receivers over independent and non-identically ithisted
cognitive-wise technologies deal with the dispersed ratdr (i.n.i.d.) Nakagamin fading channels and also proposed a
the heterogeneous spectrum bands. Thdss@ersed spectrum oy performance metric, callédding figure(FF), which -

CRover generalized fading channels can be assumed in ordgfijarly with the amount of fading.AoF)- is based on the
to study the performance of the next generation wireleggriance of the capacity.

communication systems with CR capabilities (see [1] and the
references therein).
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analysis of HOS of the channel capacity. The study of HOBhe n—pu fading model is expressed by two parameters,
has attracted a lot of attention in wireless communicatiorsnd ;. and is valid for two different formats, namekprmat-
however, most contributions are devoted to the analysibef t1 and Format2. In the former, then parameter represents
level crossing rate and average fade durations. On theargntrthe ratio of the powers between the multipath waves in the
the HOS of the capacity has been addressed in very few pifphase and quadrature components, whereas in the latter
lished works. Thus, the proposed contribution is meaningfit represents the correlation coefficient between the eeait
since it addresses the HOS of the channel capacity of dsperaiave in-phase and quadrature components of each cluster
spectrum CR systems over generalized fading channels. ™ienultipath. Furthermore, thg parameter denotes, in both
derived results are novel and also are given in closed form flormats, the inverse of the normalized variance and isedlat
general fading channels as opposed to previously publishedhe respective number of multipath clusters [9]-[11].

works. Specifically, in this paper, a dispersed spectrum CRThe probability density function (PDF) of the instantangou
system with generalized fading channels is consideredfad ENR in n—pu fading channels is given by [12, Eq. (3)]
expressions for the HOS of the channel capacity are prasente

+E L—%
in closed form. They — i fading channel model is assumed For () = 2yt Q}fl gl 1 efmh%[#il (@) 7
for the dispersed spectrum CR, as a generalized fading model " ° D(p)HF—2 Akt2 2 v
which incorporates many special cases like the Nakagami (@)

Nakagami-m, Rayleigh and one-sided Gaussian distributio’N€ré~ andy denotes the instantaneous and average SNR,
Useful statistical metrics such @, amount of dispersion respectively,l'(x) is the Gamma function and, (z) is the
(AoD), skewnesgS) and kurtosis (K) are analytically pre- modified Bessel function of the first kind Wlth argument
sented. Having defined the channel capacity of our model, @8d order. The parameters and /1 are defined as follows

obtain the HOS expressions in closed form, which are useful 2+n"'+n)

in analyzing statistical metrics such as tHeD [3], [4]. In he—1 = 4 ®3)
addition to theAoD, that measures the maximum dispersion .

of the channel capacity in CR systems, we derive in closed Hp_, = (" —mn) (4)
form theFF, S and/C, highlighting further the behavior of the 4

dispersed spectrum CR. All the aforementioned performane@h 0 < n < oo for Format-1 and
metrics can be efficiently used for the best channel seleatio

heterogeneous wireless networks with spectrum sharin@pand hp_o = 1 , (5)
aggregation capabilities. (1—n?)
The remainder of this paper is organized as follows: Section n
Il describes the considered system and channel modeloBecti Hy_o = m (6)
[Il is devoted to the derivation of the HOS of the channel
capacity over—u fading channels for the dispersed spectruiyith —1 <7 <1 for Format-2.
cognitive radio. The respective numerical results andyaiml ~ Furthermore,
are provided in Section IV while concluding remarks are o\12
finally given in Section V. W= M [1 + E] 7)
2Var(R?) h|’
[I. SYSTEM AND CHANNEL MODEL for both formats withE(.) and Var(.) denoting statistical

We consider a dispersed spectrum CR which is similar to tR§PECtation and variance of the enveldperespectively [9].
ones studied in [1], [7], [8]. Secondary users (SUs) perform With the aid of the finite series representation for integer
spectrum sensing to identify which bands are available aMglues ofu [13, eq. (8.467)]/,(x) in (2) can be equivalently
thus to exploit the benefits of frequency diversity by corirgn e-written as [11], [14]-{17]
the instantaneous SNRs;s, from each diversity band. By oWl L=l D o2
assumingL available frequency diversity bands, the end-to- 7, (y) :Z (| JT(p+ D77 2e e
end SNR at the output of each SU’s receiver is given by " =0 WAL (p = D)(4pt ) )
Hi (~DPD(p+ Dy tie ™5

L
Jend = Z%' ) 1=0 T (p — Z)(4MH’7)I+% .
i=1

Each frequency diversity channel is assumed to be sy SuPstituting (8) into (2) and carrying out basic algebrai
and frequency non-selective and subject to i.nij.dy fading. Manipulations, it follows that

2uH~

=

The n—p distribution is a generalized fading model that has p—=1 (1) = ppp—h =1

been shown to provide accurate characterizatiorsmofll-  f,,_,(7) :Z T py—

scale fading in non-line-of-sight (NLOS) communications. o R (= k)22

It was presented for first time by the pioneering work of % [(_1)k672u(h7H)% + (_1)ue*2#(h+H)%} ,

Yacoub in [9] and shown thah—u is a flexible fading
model including as special cases the Nakagam{Hoyt),
Nakagami-m, Rayleigh and one-sided Gaussian distributionghich is valid foru € N.

9)
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I1l. HIGHER-ORDER STATISTICS OF THECHANNEL To this effect, the average spectral efficiency, for the gjgec
CAPACITY case thatu is an arbitrary integer, can be given by [18, eq.
- . 1
The average spectral efficiency (i.e., the average ergo&zllc )
capacity normalized to the available bandwid®) can be Lo o | L
expressed as [3], [6 ’“ — ’”I (By)
P 31, 16l 111222 +1112kzz; k)
E(S") = Ellogy (1 + Yena)l, (10) (15)
where
wheren € N denotes the order of the statistics, which is "7 n+
particularly useful in quantifying the maximum dispersioh Zn( n)e” ‘7’ (16)
the channel capacity [2]. By substituting (1) into (10), the j=1

following L—fold integral is readily deduced,

]E(Sn):/oovoo...Aoolog’g (1+Zf_1%) (11)

X f(v1,7v2, ,vL) dyidye - - dyr, B. Higher-Order Statistics

andT'(a, z) is the upper incomplete gamma function [13].

wheref (1,72, - - - ,71) denotes the joint PDF of the instanta- With the aid of (11) and by employing the PDF for MRC
neous SNRs. Evaluating (11) in closed form is, unfortuyatein (12), one obtains:

intractable even for the case thgs are statistically indepen-

dent. In addition, the involved complexity increases digni f(s") =

oo

In"(1+~)

cantly as the number of the aggregated channel bandwidths ™2 J,
increase. Motivated by this, we attempt to derive an amalyti L e Chs - Fok Dk -
expression for the higher-order capacity statistics ovei.d x | > > T J) e 4 ZZ J y e P dy,
n—p fading channels. =1j=1"\ k=1 j=1
(20)
A. Ergodic Capacity for i.n.i.d. fading which upon expanding (20), it can be equivalently re-wnitte
For i.n.i.dnp—p fading channels, the PDF of thg,, can as
be expressed as [18, Eq. (3)] - Z i ij  In"(1 + 7)d
fk Ck 1n” 2 yl=deAry 4
Frena(y ZZ e o ) (21)
k=1j=1 kJ +7
L (12) 1n”2 ZZ yl=ieBrY dy
+ Z Z kJ 16—Bk'y,
k=175=1 Importantly, the above integrals can be expressed in closed

where Cy;, Dy;, are the residues of the moment generatifg™m with the aid of [19, egs. (33) and (37)]. To this end, by

function, M., . (s), to the poles— A, and—Bj, respectively, performing the necessary change of variables, substiturtin

with multlpﬁgﬁly j. Based on this, the residu€.;, Dy, in (22) and carrying out some algebraic manipulations yields

(12) are given by [18, Egs. (4) and (5)] as

L g Chs
ny __ J I
1 L 2[% 24 Hq S n 2;21_‘ Jjn<) ) )
Ci =o—= I1(=) * 7 (22)
(,uk ])' =1 Vi L Dy
i J
b [ﬁ oy, fr e (V).
X
. s+ A;)Hi . s+ B;)Hi —
Zh ( ) i=1 ( ) =—4x where
and gl -1
1 AN~ (D J—1
L 25 c7j,n (17 A_; 1) :n!e k Z 1+l ( l
() e . =
ki (ke —9)! ST\ T nt11’s
L L frae =3 (14) 1,1,...,1
y H 1 H 1 % Gn+?,o , A,
i ’ n+1,n+
Pl (s+ Aj)mi HL (s Bi)m s=— By 0,0,...,0,1+41
i%k —_———
n+10’s
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and analytic expression in (15). Likewise, the second, third an
j—1 jmi-1 fourth moment are readily deduced yielding:
Tin (1, i, 1) =nleBr Z (Gt (J B 1)
: Bi 1=0 B ¢

, 1+l
n+11’s k=1 j—=1 =0 111 Z)F A l

1,1,...,1
n+2, 4,
X Gni?;2+2 By, X GS,Z
0,0,...,0,1+41 0,0,0,141
n+1“0,§ L pr j— 1 Dk oBi ; ] (29)
4107, ; _
@4 +zzz (1)
. . ; . i S LN ) J)B
with G(.) denoting the MeijerG—function [13, eq. (9.30)].
Therefore, by substituting (23) and (24) into (22), the doM % G0
ing closed-form expression is deduced 3.4
0,0,0,1+1
L pr j—1
Ckn'ekj—l L pr j—1 .
(") = 303 3 S () S Gt (5
+
k=1j=11=0 hl 7 A ! ZZ A1+l I
k=1 j=11=0
,E; 1,1,1,1
1,1,...,1 XGZ@ A,
% G7L+2 0 Ak ,
n+1,n+2 0,0,0,0,141
0,07.. .,O,l-‘rl pr j—1 D . 1 (30)
H/_/ kj J—
\ T ) ) el W
L MA-]*I_ j—1—1 VB /i _ k=1j=11=0
i Z (-1 Dyjnle J—1 1,1,1,1
In"(2)I(j)BL* I
LoD Wt@rG)B, <20 B, ’
ntll's 0,0,0,0,1+1
1,1,...,1 and
n+2,0
X Gitinge | Br 00 . : iij 2 24(— 1 Cyye? <j - 1>
,0,...,0,142 11
n+10’s k=1 j=1 1=0 ( Ak l
. . . 1,1,1,1,1
For the special case of = 1, it readily follows that: " GO0
5,6
iii )=t 1<]1> 0,0,0,0,0,1+1 (31)
k=1j= 1101n ! LMJ124 " DyjePr (-1
2.0
1,1 In* ( )BIH l
ijeAk- 20 ' k=1 j=1 1=0
A Gys | Ak (26) 1,1,1,1,1
k 0,0,1+1 « Gf;g By, ’
ijeBk 20 L1 l 0,0,0,0,0,1+1
Bi+l Gais | Br respectively. In what follows, the above analytic expressi
0,0,1+1

are analyzed in determining useful statistical measures.
It is noted here that according to [13, eq. (9.31.1)], the
Meijer G—function in (26) can be alternatively expressed ag. Performance Metrics

50 11 20 1 Using (25), new analytic expressions can be straightfor-

Gy | Ak =GTy | Ak =1(0,Ax).  (27) wardly deduced for important system’s performance metrics
00,1 0,0 To this end, the first four statistical moments are derived,

As a result, (26) can be also expressed as which are respectively presented at the top of this page.

Based on these expressions, the following measures, can be

L pr j—1
Ziz LR introduced as
In(2 )I‘ 7) l i

k=1j=1 1=0 (28) « Variance of the channel capacijti)ar):
Cjje’r Dy, jeBr Var = E(S?) — (E(S))? 32
k]lil F(O,Ak) + kjlil F(O,Bk) ) ar ( ) ( ( )) ) ( )
Ap By, « Fading Figure (FF):
which is a simplified algebraic representation. To this cffe E(52)
by substituting the above expression into (26), one obthias FIF = ES)? L, (33)
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Average Spectral Efficiency (n = 1)
Amount of Dispersion

0.5 . >
0 5 10 15
Average SNR at the First Branch

0 2 4 6 8 10 12 14 16 18 20
Average SNR at the First Branch

Fig. 1. Average spectral efficiency versus average SNR iffittstebranch for
different values ofL. and unequal SNRs and fading parametefs, (= 2dB,
Y3 = 4dB, p1 = 1.0, uo = 2.0, uz = 3.0 andn; = 2.3, g2 = 1.2,

73 = 0.4) Fig. 3. Amount of dispersion versus average SNR in the firandn for

different values ofL. and unequal SNR and fading parameteys(= 75 =
1dB, M1 = 1.0, H2 = 2.0, M3 = 3.0 andm = 2.3, 2 = 1.2, n3 = 0.4).

IV. NUMERICAL RESULTS ANDISCUSSION

The proposed closed-form expressions are validated via
Monte Carlo simulations, where an excellent match between
analytical and simulation results is shown. This is perfedm
by means of the average spectral efficiency, the fading figure
the AoD, the S and thel for different number of receiving
paths. Specifically, Fig. 1 demonstrates the average spectr
efficiency as a function of the average SNR at the first branch
for the case of one, two and three branches. The average
SNR in the other two branches are arbitrarily selected as
¥, = 2 dB and?; = 4 dB whereas the corresponding
fading parameters arg; = 1.0, pu2 = 2.0, uz = 3.0 and
m = 2.3, 72 = 1.2, n3 = 0.4, respectively. One can notice
that the average spectral efficiency increases significas!

7, increases while it is shown that the effect and usefulness of
frequency diversity of dispersed spectrum CR is partidylar
critical at lower SNR values. For example, fgr = 5 dB,
there is 15% difference between one and two branches and
about 45% difference between one and three branches.

Figs. 2 and 3 illustrate the fading figure and the amount of

Fading Figure

Average SNR at the First Branch

Fig. 2. Fading Figure versus average SNR in the first branchifterent
values of L and unequal SNR and fading parameters,(= 75 = 1dB,
M1 = 1.0, H2 = 2.0, u3 = 3.0 andm = 2.3, N2 = 1.2, n3 = 0.4).

« Amount of Dispersion(A4oD):
E(S?)

AoD =

—E(9), (34)

E(S)
o SkewnesqsS):
o_ _ E(S%) — (E(S)°
VIES) - E(9)2)
o Kurtosis (K):

(35)

__E(SY) - ES)
(E(5?) — (B())*)°

(36)

dispersion as a function of the average SNR in the first branch
Regarding the former, one can observe a rapid reductioreas th
value of SNR and/otd. increase. Indicatively, the difference
betweerry, = 2dB and7¥, = 10dB is about60% for L = 1.
Likewise, fory, = 1 dB, the fading figure for the case of
L =1 is over 75% larger compared to the casd.of 2. The
same also holds inversely for the amount of dispersion which
appears to increase for low and moderate SNR values, cgntrar
to the high SNR regime where it begins to decrease both for
one or two antenna receivers at the UE. Also, for= 1

the AoD reaches its highest value around 5 dB whereas for
L = 2 the highest value of1oD is around 13 dB. Moreover,

Notably, by substituting (26), (29), (30) and (31) into theeae
metrics accordingly, exact closed-form expressions aadile

1Also, an exponential power decay profile can also be appliedur
deduced for the above performance measures.

examples where similar plots to the ones presented in [8],dll be derived.
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Skewness
Kurtosis
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=+=L =2, Scenario - B

L 20 L L
0 5 10 15 0 5 10 15
Average SNR at the First Branch Average SNR at the First Branch

Fig. 4. Skewness versus average SNR in the first branch fordifferent Fig. 5. Kurtosis versus average SNR in the first branch for different
scenariosfcenario A : 75 = 2dB; p1 = 1 and e = 2; n1 = 2.3 and  scenarios fcenario A : 7, = 2dB; 1 = 1 and s = 2; n1 = 2.3 and
n2 = 1.2. ScenarioB: 7, = 3dB; p1 = 1l andpus = 2; 1 = 1.2 and 72 = 1.2. ScenarioB: 7y = 3dB; p1 = 1 andpu = 2; m1 = 1.2 and
n2 = 0.4.) n2 = 0.4)

considering the reliability percentage i.e. 1641 — A0oD) the performance of the system in terms of the average channel
[3], the data throughput is reliable when the channel capaccapacity, the fading figure, the amount of dispersion, the
values do not variate significantly. Therefore, for rele@ablskewness and the kurtosis for unequal power and fading
transmission of the information signals at the cognitive hie  parameters. It was shown that the for reliable transmission
SNR for transmission should be selected greater than the SMRheterogeneous bands, the SNR at the transmitter should be
for which the AoD takes its maximum value. As expected, ircontrolled and selected greater than the SNR for which the
both cases the deviation between different values ofduces .AoD of the channel capacity is in its higher level.

at the high SNR regime since the effect of fading becomes

relatively less critical in comparison to moderate or lowFRSN ACKNOWLEDGMENT
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