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Abstract—In this paper, an analytical performance study is as the sensing capability at the secondary nodes. Sensing
carried out for cognitive radio (CR) systems with the intent jmperfections due to channel fading, shadowing, or noise
of comparing the two most popular CR designs, namely the ;e rige to miss-detection events, which, in turn, pothti

interweaved and underlay setups. The comparison is carried out :
on an equal footing, by measuring the achievable ergodic capacity lead to outage events at the PU due to the creation of

for secondary communication, under a common constraint on Unintentional interference towards it [3]. Converselghaligh
primary user's (PU) communication disturbance. Closed form an over-conservative sensing design would make sure near ze

expressions for the outage probability at the PU as well as jnterference is generated at the PU, it would also lead to an
expressions for the ergodic capacity of the secondary user (SU) over-spending of secondary communication resources tsvar

are derived, as a function of key system parameters, under . lting t d ded rate at th darv eecei
a rate-optimal sensing protocol for the interweaved scenario, sensing resufting 10 a degraded rate at the seconcdary v

and a standard power control policy for the underlay setting. Hence, an interesting trade-off emerges between outageseve
The analysis reveals the regimes (in terms of primary activity, at the PU and average (ergodic) rate performance at the SU.

interference tolerance levels at the PU) where the interweaved |nterestingly, an underlay radio network can also be evatuia
design outperforms the underlay one and reciprocally. under the prism of this very same trade-off. In the underlay
Index_ Terms—Cognitive radio, interweaved, underlay, outage case, the power control policy at the secondary transmitter
probability, ergodic capacity. . . .
replaces sensing as the protocol capable of striking variou
points in the (PU outage, SU rate) region.
This observation motivates us to compare the performance
Cognitive radio networks (CRNs) have recently emergesf the interweaved and underlay CRN approaches under a
as a novel, promising technology which aims to tackle th@smmon figure of merit. More specifically, we are interested i
problem of spectrum scarcity and thus, to enhance specttemparing the two CRN approaches in terms of the achievable
efficiency via enabling better utilization of the currentip- SU ergodic rate subject to a common constraint on the PU
derutilized radio spectrum [1], [2]. So far, two of the mosbutage probability.
popular approaches for CRN design have been proposedSome interesting prior work is worth mentioning in this
(i) underlay (or spectrum sharing) CRNs, where a primary context. In [4], the throughput potential of different CR
service provider allows the concurrent use of its spectr@chniques has been investigated from an information theo-
resources by an unlicensed secondary system, providethéhatretical point of view, however no expressions describing th
harmful interference generated by the secondary traremitgérgodic capacity of the SU or the outage probability of the
will not overcome a specified maximum tolerated level arid (iprimary system are given considering a fading environment.
interweaved (or opportunistic) CRNs, in which the secondary Moreover, in [5], although expressions for the instantaiseo
network (either the transmitter or the receiver) senses thgte of the SU are given, the rather unrealistic assumption
frequency spectrum and utilizes the channels when they afeperfect spectrum sensing is adopted. Furthermore, in [6]
not occupied by primary transmissions. [7] and [8] new spectrum sharing models are proposed, either
To the best of our knowledge, little attempt has been madgxed ones or variants of the interweaved model, though no
to compare such designs on an equal footing, and even lessaightforward performance comparison of the two memtibn
on an analytical basis. Indeed, the philosophies behinth ea@@RN approaches is provided. On the other hand, works such as
alternative seem irreconcilable at first glance: the urgerl[9]-[14] emphasize on the derivation of either approximagi
approach being typically reserved for applications wittidior or closed form expressions for the ergodic capacity of SU
no quality of service (QoS) guarantees at the legacy (psimaias well as for the outage probability of the primary system.
network, while the interweaved design is expected to offéfet, no comparison between interweaved and underlay CRN
a near-zero disturbance at the PU hence offers hard Qa§proaches is illustrated in these works.
guarantees, or so it seems. In this paper, both the interweaved and underlay CRN
Upon closer examination, it is well known that the Qo%pproaches are investigated with respect to a SISO network
offered at the PU in an interweaved scenario is only as goadd compared with reference to the ergodic capacity of the
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SU for a target, common PU outage probability as well ahannel power gain$’zij|2,z‘,j € {p,s} and |h00|2 will be
for various primary communication activity profiles. Moredenoted byy;; and g, respectively.
concretely, our contributions are the following: In the following two sections, closed form expressions for
« Closed form expressions for the outage probability dhe outage probability of PU as well as expressions for the
primary communication, regarding both interweaved arthievable ergodic capacity of SU will be derived for both

underlay approaches, are derived. CRN approaches.
« Expressions for the ergodic capacity of the SU are derived
with respect to both CRN approaches. . I NTERWEAVED APPROACH

« The generic design parameters of each approach come-General modd for interweaved CRNs
sponding to a target PU outage probability are optimized

i the im of comparng the opima thougput by £2°410 1 1S TISearer Jpooach o2 70, 2 Shovs
ior of the two examined approaches.

. We finally compare the optimal SU ergodic throughpuT time units and consists of a slot dedicated sfiectrum

of the two CRN approaches under a target PU outaﬁ%ﬂng which lasts forr < T time units. The rest of the

. i o - ' ame is dedicated to data transmission. Moreover, during
level for various primary communication activity profiles.

An outage event is declared when the rate at the ljﬁmh sensing phas&s, receivesl' = rf, samples, where

falls below a given threshold (whether due to interferen is the sampling fre_quency of t_he received signal. It is
also assumed that during the sensing phas&, ceases any

or not). It is observed that the performance comparis?n o . . -
L ) X ransmission and all instantaneous channels are fixedrnwithi
results are related to the activity profile of primary

- a MAC frame. It should be noted that the spectrum sensing
communication. . . o
. . procedure is carried out at the secondary transmitter ierord
Throughout the paper, the following notations are adoptet%. avoid considering a feedback link from the SU RS.,

.P(A) denotes the_ probability of event A arid} symbol-_ merely dedicated to spectrum sensing decision signaling.
izes the expectation operator. For a scalar random variable

X, X ~ CN(u,0?) denotes thatX follows a circularly
symmetric complex Gaussian (CSCG) distribution with mean
w and varianceo?. Also, Ei(-) represents the exponential | Spectrum Sensing Pata Transmission
integral function, which is defined in [15, 5.1.1], whereas
Qz) = %erfc(\%) stands for the complementary Gaussian
distribution function, where function erfg is defined in [15,
7.1.2]. The binary hypothesis test for spectrum sensing at the n-th,
n=1,2,..., N time instant is expressed as

T msec

T msec T -1t msec

Fig. 2. MAC frame structure.

II. SYSTEM AND CHANNEL MODEL

The system under investigation, which is illustrated in.Fig 2] it H,
ys[n] = { :

vV Pohoosp[n] + z[n], if My,

BS, hoo BS., Where_the_ additiv_e_ noiseln| is a _CSCG, independent, i_denti-

cally distributed (i.i.d) process withn] ~ CN (0, Ny), P, is a
fixed power level ai3 S, and the information symbal,[n] is
selected from a CSCG codebook, i€,[n] ~ CN(0,1) and is
independent of[n]. As a result, signa[n] = \/P,hoosp[n],
for a fixed channehgg, follows a CSCG distribution with zero
mean and variance? = E{|s[n]|*} = P,y00-

Fixing a sensing timey, as well as an energy detection
threshold, ¢, by applying central limit theorem, one can
calculate the false alarm probability,,, as well as the corre-
sponding probability of detectiof®,;, with respect to a specific
MAC frame, by applying [16, Proposition 1, Proposition 2].
The above probabilities are then written as

1 consists of a SISO primary system, comprising of a base
station (BS),BS,, as well as its assigned PU,,.

1)

Us

Fig. 1. Examined CRN topology.

Focusing on downlink communication, the primary system . -
is willing to share its resources with a SISO secondary gyste Pra = Q(\/ﬁ(ﬁ - 1)), Pa = Q(T)’ 2)
consisting of a BSB.S,, along with its assigned SUJ;. It ’ '
is assumed that channdlg;, i,j € {p, s} betweenBS; and
userU; as well as channety, betweenBS, and BS, are
Rayleigh fading ones, i.eh;; ~ CN(O,afj) i,j € {p,s} In pursuance of deriving an average detection probability
and hoo ~ CN(0,03,). Moreover, in the rest of the paperwith reference to fading channél,, we have

2
2
wherei; = Pyygo + No ando? = 52 (F%\Zum +1



- With the aim of computing the expectation appearing in the
P — / Pa(700) 00 (Y00 ) d 00 (3) first term of (7), we observe that random variali?@o% is

0 an exponentially distributed random variable. Thus, u$irig
However, since the exact form of the above expectation isbal.28] we have
complicated function of generic parametersand ¢, which 1 1 1
need to be later optimized in terms of maximizing the ergodic E{A} = 1n(2)”E1( )
throughput for the SU, we choose to apply a bound of this Po? . o
expectation. Detection probabilit®,, is a concave function Where 3y = F=z. For the expectation appearing in the
of its argument, thus, by applying Jensen’s inequality,@pen  Second term of (7), as random variablesy,, and P,v,, are
bound for the expectation over fading can be extracted. Tig$ponentially distributed, by making use of [15, 5.1.28}e0

8)

bound is the following obtains
€ _
Pap = N{=—5—=—-1]]. 4 _ 1 Z1 o8
d,B Q(f(Ppggo A )) 4) E{A:} = m(m)e 1 X
Regarding the average false alarm probability, it remalires t NoB Nom(21522) NoB 9)
same under any fading channel, for giveande, sincePy, is E1< i >—€ T2 El( Z ) )

considered for the case where no primary signal is transditt
thus wherez, = P,oZ,, Ty = Pyo., and itis assumed that > z,
or equivalently,o?, > o2 for a CRN with P, = P,.
Pia’ = Pra- ©)
IV. UNDERLAY APPROACH

B. Outage probability of primary communication A. General model for underlay CRNs

_An outage event is declared at the primary system when,, the ynderlay CRN approach, the primary system allows
given that the primary network is qctlve, the S”\_'R of the PU i reyse of its spectral resources by the newcoming segonda
below a predefined thresholgh. This can occur in two cases: gy g1am subject to a constraint considering a maximum toler-
1. when a missed detection takes placel;, potentially  aieq jnterference power level at the PU, denotedZbytet
resulting to a PU SINR that is less th@p or 2. when the Pund pe the transmitted power b§S,, which can vary from
secondary system has accurately detected the presence Qogr% to a maximum instantaneous valig, The maximum
primary signal and halts transmission, however, the desirg,qiantaneous power level is taken to be equal to the maximum
signal received at the PU is not strong enough in order fyqiantaneous power level BiS, for the interweaved approach

the SINR of PU to overcome threshold. In the following i, orqer to realize a fair comparison from a power consunmptio
proposition, a closed form expression of PU outage proabil ho spective. A truncated power transmission policy will be

IS given. applied in this case. This policy is the following
Proposition 1. The outage probability of primary commu- I e T
nication for an interweaved CRN is given by the following vsp? if Jor S P
expression prnd = (10)
pint g _ (oz:l-&-042734>6—4%11V037 ©) P, if % > Ps.
ar+az In the following, a closed form expression for the outage

where a; = ggppp, ay = ggppsgo and P, expresses the probability of the PU as well as an approximation for the

maximum instantaneous available power at the second&§hievable ergodic capacity of SU will be derived, focusing
transmitter. on the underlay approach.

Proof. A detailed proof is provided in [17]. O B. Outage probability of primary communication

C. Ergodic capacity of secondary communication The primary system is in outage when the instantaneous
o ) . SINR at the PU is below threshold@. In the proposition that
Using upper boundPy,s, instead of average detectiony s 5 closed form expression of PU outage probabikity |

probability P;*?, the ergodic rate of the SU is lower bounde%czven

by
Proposition 2. The outage probability of primary communi-
E{R™) > (T —7) P(Ho)(1 — Pra) BES log, [ 14 L0 cation for an underlay CRN is given by
= 2 NoB
_,—/ B
-—Z Co(NgB+I)
A P;:Ltd =e€ Paosp — e_j—gl; + %X
Ps’y\ss Ppo-spapp62

+PH)A - Pd,B)BIE{ logy [ 1+ —————— } .

NoB + Ppyps s 1/ _z5 -5t

e ZCUNOB—<6 Ps — 1) —1—03 (1 —e P"“”“’) )
As o1 v

@) (11)



whered; = - + P;—f” andd, = ail where §j = 02p and v = . The latter integral can be
2,

S

computed using integration by parts and exploiting expoess

Proof. A detailed proof is provided in [17]. O [18, 3.352.2]. Then one obtains
C. Ergodic capacity of secondary communication - Tr )
Following the power transmission policy described in (10):]371(%2) =ev n (1 * u(NoB + Pp2)> henmmx
the expression describing the ergodic rate of the SU will be w Te w
Bl =+ 55— =
the one that follows 1 <y J(NoB + sz)) 1 ( )
(21)
Py, As a result, by substituting (21) to (19), and by properly
E und 1 1 s i ) _ ’ _
(B} = P(Ho) B { 082 ( + NoB ) } transforming variables andz, since a closed form expression
PY of the double integral cannot be derived, two dimensional

Pundy, (12)  numerical integration can be applied by employing twices on
+ P(Hl)BE{ log, (1 + NOBS+7PW) } for each dimension, the well known Laguerre quadraturesrule
p’Ips

[15, 25.4.45].
Bz We also need to compute integrdi, which is equal to
ExpectationE{5;}, appearing in the first term of (12), is]E{AQ}' thus we obtain
__Z_ _
expressed in (13) wittP{ L > P, { =1 —¢ ™, Ji= ()
Ysp 111(2) 1 — T2
For the computation of double integrédl, appearing in (13), NoB NoB(21222) NoB (22)
we have, after some mathematical manipulations and by using <E1< ) ) T O ( % ))
[15, 5.1.28]
In the following section, suitable criteria for a fair commpa
J = (Ji1— Jio) (14) ison bereen the two abovementioned CRN approaches will
In(2) be studied.
where V. ENSURING FAIRNESS IN THE COMPARISON OF THE TWO
L Pba NOBI PL( gp)E NoB CRN APPROACHES
11=€ p "\ P,o2, In this section, the generic design parameters for each of
NoBo?, the two CRN approaches will be optimized in the sense of
(NOBJQ ~ 752 ( P maximizing the ergodic capacity of SU, subject to a QoS
* outage probability constraint for primary communication.
NUBO'
—e Pb”sp“?s P = ) A. Determining generic parameters of interweaved approach
. ocusing on the interweaved approach, the optimization
(15) F h d h, th
Term J, , is given by problem that has to be solved is the following
.z (¢*,7*) = arg max E{R."'}
Jiz=In (NOBI)e Psosp 4+ By <i) (16) o7 (23)
Ps Pso? int _
st. Poui =Po, 07T, €20,
The computation of integral> gives where, concerning the outage probability constraint, boun
| MoB NoB Pq,p is used in (6). Taking the outage probability constraint
Ja = @e”b‘“fsE <P02 ) (17) of (23), one obtains the following expression that relates

parameterg and .
ExpectationE{B-}, appearing in the second term of (12), is

expressed in (18). Thus, multiple integralg and J; need to €= m1< A 1), (24)
be computed. For integral; we obtain VTfs
where m,, k are quantities equal toPpago + N and
¢oNgB
J3 = )] / / J3 1dzdz (19) 9! (a1+a2)(1_7;“2)6 = 0‘12 respectively, and2—1(-) is
n(2 the inverse of9-function, which has been already defined. As

wherez = o7, 7 = o, and J; ; represents the inner integrala result, problem (23) will be expressed as follows

of J3, that is

(¢, 7%) = arg max E{R.""}

> Iz e
J3q1 = n{l+ ———-— d 20 — R
3,1 /u n( +y(NoB+sz)) 7 Y (20) st € m1<\/775+1), 0<7<T, €¢>0.

|
<

(25)




I o PS SSs
E{B:} = / /10g2 (1 + )f%e('VSS)f%p(%p)d%pd'Yss +’P{,y‘p > PS} /0 log, (1 + N’Y )f%e(’YSS)d'Yss (13)
J1 J2
E{B2} = / / /10g2 (1 + Noési Pp’Yps>f’Yss (755)}075;) ('Ysp)fvps (Vps)dyspdyssdyps
I3 (18)
sVss
+ {%p }/ /IOgQ( NOBJFPprz)s)fA/SS ('YSS)fvps (Yps)dryssdyps

Ja

With the aim of solving problem (25), the following proposi-

tion can be proved.

Proposition 3. FunctionU(r) = E{R"*}(r), which is ob-
tained by substituting the outage probability constrainthe
objective function of (25) is concave fare [0, 7.

Proof. A detailed proof can be found in [17]. O

VI.

With the aim of evaluating the performance of the two
examined CRN approaches, extensive Monte Carlo (MC) sim-
ulations have been performed in order to confirm the validity
of the theoretical expressions derived. More specificaldgo
MAC frames were simulated. According to the scenario, the
SNR levels of the mvolved channels aarép = 02, = 20dB
for the direct links o2, = 02, = 18dB for the cross links and

N UMERICAL EVALUATION

Capitalizing on proposition 3, problem (25) can be solves, = 6dB for the link betweenBS, and BS,. Moreover,
by applying a gradient ascent method, which is describedwe setB = 1Hz, f, = 6MHz, T=100ms and also unit noise

algorithm 1.

Algorithm 1 Optimize e and r for a givenP,

1 Initialization (v = 0). Select ary € [0,7] and increase
counter by one.
2 For then-th iteration, compute value, as follows

U ()
or

Tn = Tn—1+ A (26)

T=Tn-1
where \ stands for the step of the algorithm.

3 Increase countet by one and ifn overcomes a maximum
number of iterations, stop, otherwise go to step 2.

4 Having foundr* compute the corresponding
€= mi

7t

B. Determining generic parameters of underlay approach

In the underlay case, the interference temperatdre,
corresponding to the same examined outage lé®gl.can be
found by settingPud = P,, leading to equatio(Z*) = 0,
where

9(T) = Pou’ —

Po (27)

and the expression gP*"4 is given in (11). As the outage
probability of PU is monotonically increasing wiffy one can
find that there is a singl&* > 0 to search for and this can
be done by applying Newton’s method.

variance is assumed. In addition, the SINR level of the PU,
below which an outage occurs is set to fae= 0dB.

25

15r

Ergodic rate of SU (bits/sec/Hz)

Interweaved — MC
—&A— Underlay - MC
—#— Interweaved — Theoretical| |
—— Underlay — Theoretical

Outage probability of PU

Fig. 3. Ergodic SU capacity vs. outage probability at FR{H1) =

In Fig. 3 the ergodic rate of the SU, considering an
interweaved CRN, is depicted as a function of the outage
probability of the PU and compared with the ergodic rate
obtained at the SU when the underlay approach is adopted.
Both MC and theoretical curves are depicted. In the examined
scenario, the primary system is active with probabiRt#, )=
0.6. The curves shown demonstrate a clear capacity gain in
favour of the interweaved approach for all examined levéls o
PU outage probability.

In Fig. 4, the same performance metric is depicted with

In the following section, the throughput performance of thihe only difference lying in the fact that the activity of

two examined CRN approaches will be evaluated.

the primary system is denseP(#,)=0.96). Here, one can
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Fig. 4. Ergodic SU capacity vs. outage probability at FR{}{1) = 0.96.

(3]
6 : ; ; ‘ [4]
—#— Interweaved CRN
—— Underlay CRN
_ (5]
z
§ 6]
2 [7]
‘ ‘ ‘ ‘ (8]
OO 0.2 0.4 0.6 0.8 1
Prob(Hypothesis 1)
Fig. 5. Ergodic SU capacity vs. primary system’s activity gegftarget PU 9]
outage probabilityP, = 0.03.
[10]

observe that the throughput gain in favour of the interwdave
CRN approach has been significantly reduced and when the
target PU outage probability becomes higher th&h, 2he [11]
throughput of the underlay CRN approach outperforms the
one of the interweaved approach. [12]
Finally, in Fig. 5, the same metric is depicted as a function
of primary system’s activity rate when the target PU outage
probability is 3. One can observe that, regardless of thes
CRN approach followed, the ergodic capacity of SU is a
decreasing function of the activity of primary communioati
which can be justified because as this activity becomes denggy
the average interference (over time) received at SU ineseas
Additionally, the throughput of the interweaved CRN appfoa
overcomes the one of the underlay approach for primapg;
systems which are active for up to ®0of the time. 6]
VIl. CONCLUSIONS

In this paper, the interweaved CRN approach was examingd
and compared with the underlay CRN approach in terms of
the ergodic throughput of the SU for a common PU outage
level. Expressions for the ergodic capacity of the SU as w
as for the outage probability of primary communication were

primary communication. A future extension will also elader
x on the quality of spectrum sensing, by considering systéms t
| transmitters of which are equipped with multiple antennas.
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