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Abstract— Spectrum Sensing (SS) and underlay have beenbased approaches [5-7].

considered as two important techniques for enabling the spectral ~ Most of the existing spectrum sharing approaches focus

coexistence of the licensed and unlicensed wireless communiither on SS or underlay-based approach. In the context of
cation systems. The SS only approach ignores the interference

tolerance capability of the Primary Users (PUs) while assuming SS, better sensing accuracy can be achieved with the help of

the bursty PU traffic whereas the possibility of having secondary & longer sensing duration. However, it reduces the aggregat
transmission with full power is neglected in an underlay based throughput of the CR system since the data transmission time

approach. To address this, it's crucial to investigate suitable js reduced while increasing the sensing duration for a half
hybrid spectrum awareness and transmission strategies which duplex CR transceiver [8]. Furthermore, the throughput of

can overcome the aforementioned drawbacks and achieve higher,[h CR ¢ be | db lowi hiah .
secondary throughput while protecting the PUs. In this context, € system can be Increase y allowing higher miss

we propose a hybrid cognitive transceiver which combines the detection in the CR systems i.e., by reducing the sensing, tim
SS approach with the power control based underlay approach. however, it drastically degrades the Quality of Service $o

Furthermore, we evaluate the performance of the proposed hy- of the primary link. From the PU’s perspective, the higher th
brid approach considering both periodic sensing and simultane- probability of detection, the higher will be the probalyilthat

ous sensing/transmission schemes. Moreover, sensing-throughp . . - . ,
tradeoff for the proposed hybrid approach is investigated and itis not interfered with whereas from the SU's perspectitie,

the performance is compared with the conventional SS only lower the probability of false alarm, the higher the speutru
approaches in terms of the achievable throughput. It is shown utilization and hence the higher the throughput. In thistext)

that the proposed scheme can achieve a significant improvementthere exists a sensing-throughput tradeoff in half dupl& C
in the secondary throughput over the conventional approaches gysiems and this issue has received important attentidmein t
while respecting the interference constraints of the PUs. -

CR literature [8-13].

The SS approach ignores the interference tolerance capabil
ity of the PUs while assuming the bursty PU traffic whereas
The demand for broadband wireless spectrum is increasihg possibility of having secondary transmission with full
due to a rapidly expanding market of wireless broadbam@wer is neglected in the underlay based approach [15]. More
and multimedia users and applications. However, the @laila specifically, the underlay alone approach can not detect the

usable spectrum has become scarce due to spectrum segraetivity or inactivity of the PUs in a particular band and ben
tation and current static frequency allocation policiestHis can not utilize the idle bands efficiently. On the other hahd,
context, Cognitive Radio (CR) communications is considereSS alone approach does not allow the SUs to transmit in a par-
a promising solution in order to address the spectrum dgardiicular frequency band when the PU is active in that band. To
problem since it allows the spectral coexistence of twoles#® address this, it's crucial to investigate suitable hybgdatrum
systems using different spectrum awareness and advancedaimareness and transmission strategies which can overcome
terference mitigation techniques. The most common spectrthe drawbacks of both the techniques and achieve higher
sharing techniques in the literature can be categorizeal irdecondary throughput while protecting the PUs. In the cante
interweave or Spectrum Sensing (SS), underlay, overlay aofdthis hybrid approach, the contribution in [11] studie® th
database techniques [1, 2]. In SS only techniques, Segpnd@ansmission mode selection with channel switching in faybr
Users (SUs) are allowed to transmit in a particular licenseshderlay/overlay systems based on the achievable throtighp
band whenever Primary Users (PUs) do not use that banatio between underlay and SS transmissions and the P& traffi
whereas in underlay technigues, SUs are allowed to transstitistics. In the similar context, the recent contribufiio [15]
even if the PU channel is active as long as they meet theoposes a hybrid strategy, which combines spectrum sgnsin
interference constraint of the PUs. In the context of S&nd underlay schemes and utilizes a double energy-thieshol
there exist several techniques such as Energy Detectiop (Emethod in order to switch between full and partial access
matched filter based detection, cyclostationary featuseda modes dynamically.

detection, correlation based detection, and eigenvalseda o

detection [3,4]. Under the underlay CR literature, theristexA Contributions

several interference mitigation methods such as interfere In this paper, we propose a hybrid architecture for a CR
alignment, beamforming, power control, and exclusion zongnsceiver which combines the aforementioned advantaiges

I. INTRODUCTION



both SS and underlay techniques. In the proposed approach,

Frame j Frame j+1 Frame j+2

we consider a power control based underlay scheme, which (T duration) (T duration) (T duration)
selects the secondary transmit power based on the inteckere accupancy Secondary daa occupaney Secondary da
constraints of the PUs. It should be noted that authors in Sensin Semshng s

T Tt T T

[8,11] analyze the sensing-throughput tradeoff for SS only
approach without considering the hybrid context considere  Fig. 1: Secondary frame structure for periodic spectrum sensing
in this paper. Furthermore, authors in [11] analyze thegwit

ing strategies for underlay and SS techniques considering Frame j Frame j+1 Frame j+2
the throughout ratio between underlay and SS techniques. P Sensing/ T
However, in [11], the total throughput analysis of the hglbri S o amsion S rvamisie |

approach is not considered and no sensing errors have been
included in the analysis. However, in practice, there abvay .
exist sensing errors and we have to take them into account. In Fig. 2: Secondary frame structure for simultaneous sensing/Tx

this context, we analyze the achievable throughput of tiee pr

posed hybrid CR transceiver by taking account of throughplibis scheme can also be referred as a half duplex SS scheme
from both SS and underlay based approaches and considefiige the SUs do not perform sensing and data transmission
the effect of sensing errors in the analysis, which is timultaneously. Furthermore, the SUs are not able to detect
main contribution of this paper. Furthermore, we analyze tithe PU’s status when the SUs are transmitting, hence causing
sensing-throughput tradeoff for the proposed hybrid spect interference to the PUs. In this frame structure, theret®xis
awareness and transmission approach. According to atth@® inherent tradeoff between sensing time and the secondary
knowledge, the issue of sensing-throughput tradeoff fer tithroughput as noted in various literature [8, 12] and finding
considered hybrid approach has not been considered in @mimal sensing time for the CR is an issue.

literature. Moreover, we study the proposed framework in

the context of the periodic sensing frame structure [8] and

simultaneous sensing/transmission (Tx) frame struct@je [B. Smultaneous Sensing and Transmission

considered in the literature. In the periodic SS, the CResns

the PU band for a short period of time at the beginning of eachThe frame structure of the CR with simultaneous sensing
frame and then dedicates the remaining frame time for da&ad transmission is shown in Fig. 2. In this case, we can
transmission whereas in the simultaneous sensing/Tx, Bhe consider the following two scenarios

senses and transmits data simultaneously as illustratdd jn

The performance of the proposed approach is compared with’
SS only approaches with both considered frame structures.

T T

As in [9], it can be assumed that a CR transmits and
receives interchangeably over the time. When a CR is
operating in the receive mode, it receives the combination
B. Sructure of the PU signals as well as the SU signal. The received
signal is decoded at the CR receiver to extract the
secondary signal and the residue part is the PU signal plus
noise. By comparing the residue part with the predefined
threshold, the CR takes the decision about the presence or
the absence of the PU activity and can use this decision to
transmit or not in the next frame. However, in this case,
we should make an assumption that the PU activity does
not change during the duration of twice the frame period

The remainder of this paper is organized as follows: Section
Il reviews two SS approaches discussed in the literature.
Section Il proposes a hybrid architecture for a CR transsei
Section IV analyzes the throughput of conventional senajrg
proaches using the ED scheme. Section V presents throughput
analysis for the proposed scheme. Section VI evaluates and
compares the performance of the considered approaches with
the help of numerical results. Finally, Section VII conasd

the paper. Le., 2T. L L .
pap « Another scenario is a full duplex scenario in which the
Il. EXISTING SENSING APPROACHES CR transmission is non-time slotted as considered in
A. Periodic Spectrum Sensing [16]. In this case, two Radio Frequency (RF) chains

are required at the CR receiver as depicted in Fig. 4.
This scheme can accommodate the condition that the
PU may change its state during a single SU frame
period. Since the full duplex transmission in wireless
communications has recently received important attention
[16], this concept seems to be promising for full duplex
CR nodes of future wireless communications.

The frame structure of the CR with the periodic SS is shown
in Fig. 1. In this approach, the CR sensing module performs
SS for a short period, let us denote byand transmits data for
the remaining{"—) duration,T" being the frame duration [8].

It is assumed that the PU activity remains constant durirg on
frame period. In practice, either synchronization is reepli
between primary and secondary transmissions or the SU frame
must be much shorter than the PU frame for the aboWe both of the above scenarios, the sensing and data transmis
assumption to be true. This further implies the assumptision take place for the whole duration of the secondary frame
that the PU has a periodic and known transmit duty cycland no sensing-throughput tradeoff exists [9].



selected. Based on the estimated SNR, the power control

Y technigue calculates the amount of the transmit power while
TR Swich considering the interference constraint of the PU as desdri
later in Section V-A.

Figure 4 presents the proposed transceiver architecture fo
the full duplex scenario mentioned in Section II-B. This
— architecture functions in the similar way as the half duplex
structure shown in Fig. 3 except the fact that it contains
two separate RF chains in order to sense and transmit data
simultaneously. It should be noted that in this study, weu$oc
on the narrowband context meaning that detection of a single
Fig. 3: Proposed half duplex architecture for a CR transceiver ~ PU channel as in various literature [8,9, 12].

Antenna

IV. THROUGHPUTANALYSIS FORCONVENTIONAL
Transmitter APPROACHES

Full Power

frequencyf. and we are interested in detecting the presence
or absence of the PU signals in this band. Let us consider

|
: Let us consider a frequency bakid with the center carrier
|
|
|

Power

Gontol ] ° that the received signal at the CR receiver is sampled at
o the sampling frequency of,. Under theH; hypothesis, the
discrete received signal at the CR receiver can be repessent
Fig. 4: Proposed full duplex architecture for a CR transceiver as
y(n) = z(n) + z(n), 1)

Ill. PROPOSEDHYBRID ARCHITECTURE FORCR

where z(n) is the transmitted signal at theth time instant
TRANSCEIVER

andz(n) denotes the Additive White Gaussian Noise (AWGN)

Figure 3 presents an architecture for the CR transceivér wit0ise. Similarly, under théf, hypothesis, the above equation
a single RF chain. Since this architecture consists of desingeduces tay(n) = z(n). Let us consider that the transmitted
RF chain, it is capable of either sensing or transmittingada%'g”am(") isan md_ependent and |dent|callly distributed (i.i.d.)
during a single time slot, hence, can be called as half dupl&ndom process with mean zero and variafite(n)]” = o7
structure in general. However, if a pair of CR nodes i.e., a C#d the noise:(n) is a Gaussian i.i.d. random process with
transmitter and a CR receiver, operates in a half duplex coAff0 Mean and variancg(x(n)]* = o2. Furthermore, we
munication mode in such a way that they transmit and rece@gSume that the PU signa(n) is independent of the noise
interchangeably over a time, this half duplex structure ca’?)- AS mentioned earlier in Section Ill, we consider the
function as simultaneous sensing and transmission frankew&D teéchnique for SS purpose. Letbe the sensing time and
mentioned in Section I1-B. In the proposed architectureign F &V be the number of samples collected within this duration
3, the received signal is firstly passed through a Low Nois€- N = 7fs. The test statistic for the ED technique is
Amplifier (LNA) before further processing in the receiverdven by D = % 37 [y(n)|>. It can be noted that the test
Subsequently, the amplified signal is passed through thee, filfStatistic D is a random variable and under th& hypothesis,
sampler and then the sensing unit. Based on the Senslitﬁ.gP_robgbnlty_Densny Function (PDF) follows a Chi-sqedr
requirements and the availability of knowledge about p@stribution with 2V degrees of freedom for the complex
signal, channel and the noise variance, the sensing unit ny@jued case [4]. For very large values f the PDF of D
implement any of the signal detection techniques mentiomedcan be approximated by a Gaussian distribution with mean
Section 1. In this work, we focus on the ED technique due # = o> and variancer§ = - [E[z(n)]* — 2] [8]. Furthermore,
its low implementation complexity and realize it using SNRVE assume the perfect knowledge of noise variance for the
estimation and sensing decision blocks as shown in Figslcgn&dered ED technique as in various ED related literature
and 4. The SNR of the received PU signal can be estimatégthis context, 'the test st'atistiD is related to the estimated
with the help of various power spectrum and SNR estimatiotNR _(rest) depicted in Figs. (3) and (4) as followd? =
techniques [14, 18-22]. Subsequently, based on the estimatest@=- Using binary hypothesis testing, the expressions for
PU SNR, let us denote by, the sensing unit takes a decisiorProbability of false alarm®;) and probability of detection
about the presence or absence of the PU and the decision @an ¢an be computed by [23]P; = Pr(D > A|Ho), and
trigger the power control block directly in order to transmiPa = Pr(D > A[H1), where ) is the sensing threshold. For
with full power in its data transmission slot if the noise ynI Circularly Symmetric Complex Gaussian (CSCG) noise case,
hypothesis ) is selected. Alternatively, it can trigger theth® expression foP; can be written as [8]
power control block along with the information about the A
estimated SNR if the signal plus noise hypothedis)(is PrAT)=Q ((ﬁ - 1) R) ’ @)

z



where Q(.) is the complementary distribution functionas

of the standard Gaussian random variable i@(z) = Pf(T)=Q(\/(2%+1)Q_1(75d)+ Tfs%)- ®)
1_ [ —t2 imi i
o7 J» exp(5-)di. Similarly, under thef, hypothesis, the Therefore, the total throughput of the simultaneous sensin

expression forP, is given by and transmission approach can be written as

Pd(A,T):Q<()\/af—%—1) /2ng 1)7 @) R\ T) = Ro(\T) + Ri(\,T), ©)
Tt where the values aRy(A,T) and Ry (A, T') can be calculated
where-, is the PU SNR at the secondary sensor. Bgtbe USing the following expressions
the target probability of detection required by the detecto Ro(A\,T) = (1 — Py(\, T))P(Ho)Co,
Combining (2) and (3)Py is related toP,; as follows [8] Ri(\,T) = (1 —Pa(\, T))P(H1)Ch. (10)
Pr=Q (\/ 27 + Q' (Pa) + \/ﬁ%) : (4) V. THROUGHPUT ANALYSIS FOR THE PROPOSED

A. Periodic Sensing APPROACH

Let ¢, andC, be the throughput of the secondary network N the proposed approach, the SU transmission strategy is
in the presence and the absence of the PU respectivggsed not only on the sensing de_C|S|on but also on the power
Furthermore, let,, and~, be the SNRs of the received powef® ntrol based underlay mechanism. For the power control
of the SU and the PU measured at the secondary recei@dfPoSe. the sensing unit provides information about the
respectively and are given by, = & and~, = Py \where estimated SNR to the power control block if the hypothesis

S G'z p a'z’ . - o . .

P, is the received power of the SU atRt} is the interference 'S decided as noted in Figs. 3 and 4. Letbe the sensing

; . - o
power of the PU measured at the secondary receiver. Assurm shold, ande b,e the estimated power . &est = Yest %,
the PU's and the SU's signals to be Gaussian, white al ich can be obtained based on suitable power spectrum or

independent of each other, the expressiongipand C; can SNR estimation techniques [14, .18—20]. We assume that the
be written as [8] SUs have the knowledge of the interference threshold of the

PUs, which can be known based on the technical standards and

Co =logy (1 4 7s), regulations. We employ the following transmission stratfey
Vs the secondary transmission. Under ftig hypothesis, (i) if the
C1 = log, (1 + 1+%> : ®) hypothesis is satisfied i.eB.s; < A, the SUs transmit with a

] N o _ full power level, let us denote by, (ii) if the hypothesis
We defineP(Hy) as the probability of the PU being inactive s not satisfied i.e.P.., > ), the SUs transmit with a reduced

andP(H;) as the probability of the PU being act.ive in SUC'?)ower level, let us denote b¥,.q, which is calculated based
a way thatP(Ho) + P(H1) = 1. When there is perfect o, the power control mechanism described later in Section V-
detection under the, hypothesis, i.e.P; = 0, then the A |n this case, even if the PU is inactive, the SU assumes the

_through_put of the secondary link is giver_l k%rrico. Since  getive state of the PU and transmits Wi,
in practice, we do not have perfect detection and there away Similarly, under thef; hypothesis, (i) if the hypothesis is

exists some probability of false alari;, the probability of satisfied i.e..P.; > ), the SUs transmit with the reduced
having perfect detection under tti&, hypothesis is given by e level P,.,, (ii) if the hypothesis is not satisfied i.e.,
(1 = Py(A,7))P(Ho). Similarly, in case of miss detectionp ) the SUs transmit with the full power levet,;.
under the 7, hngothesis, the throughput of the secondary, his case, even if the PU is active, the SU assumes the
link is given by =7=C; and the probability of having suchj,,tive state of the PU and transmits withy, hence causing
a situation can be written agl — Pu(A, 7))P (H1). interference to the PU. This interference is usually hahtie
Taking the above definitions |_nto _account, the total throuq?egulations and standard as described later in Section V-A.
put for the secondary network is given by Based on the above proposed hybrid strategy, we derive the
R\, 7) = Ro(\, 7) + Ri(\, 7), (6) total achievable throughput based on widely used Shannon
formula. Let’s introduce a new rate for the secondary link,
which arises due to the partial access of the PU spectrum by
the SU using the reduced power level. We denote the rate of

where the values of?y(A,7) and Ry (A, 7) can be calculated
using the following expressions

Ro(\,7) = T— 7(1 — Py, 7))P(Ho)Co the secondary link under the reduced power leveCasand
7 T 7 ’ define as
Ri(\,7) = T; T(1 = Pa(\,7))P(H1)Ch. @) Cs = log, (1 4 L) , (11)
1+

B. Smultaneous Sensing/Transmission where~,, = % It should be noted that in (11), we assume

In this scenario, the sensing duratiorfisnstead ofr in the perfect estimation of interference at the CR receiver and in
periodic SS approach as described in the previous subsectihe presence of interference and channel uncertainties, th
For a target probability of detectiaRy;, the probability of false performance outage constraints should be taken into consid
alarm expression in (4) for the ED technique can be writteration. In this case, our results provide upper bound on the



achievable throughput. Subsequently, the total througfggu control mechanism as follows
periodic sensing case can be calculated as Ir

Pred < ———=.

R\ 7T) = Ro(\,7) + Ri(\, 7) + Ro(A\, 1), (12) oP(H:)Pq

The path losso between ST and the PR can be estimated

where the values ofty(A, 7), Ri(A,7) and Ry(A, 7) can be ith the help of the estimated PU SNR and the Effective

17

calculated using the following expressions Isotropic Radiated Power (EIRP) of the primary system. The
RoA,7) == (1 = Py (0 7)) P(HO G, o SNR esiimation algorims e mentoned i Seston
=TT, S SR ey e can o
o) L mn = Jooun b o e specicatrs of s i
LTy pgc, 3 e ainepover dassof e pinary s s oo

It should be noted that authors in [8] and [9] have notransmitter (PT) byEIRP,, the path loss between the ST and
considered the case dk, in their analysis. Similarly, the the PR can be calculated using the Friss transmission farmul

achievable throughput for the simultaneous sensing/Te ca&s

can be calculated using the following expression a(dB) = EIRP,(dBW) + G, (dB) — Pest (dBW), (18)

R\ T) = Ro(A\, T) + Ry (A T) + Ro (A, T), (14)  whereG, is the gain of the CR receive antenna. Subsequently,
where the values aRo(\, T), Ri (), T), andRo(A, T) can be based on this path loss or attenuation and the interference
calculated as threshold of the PU receiver, the ST adapts its transmit powe

based on (17). If there are multiple PUs in the system, we need
Ro(A\,T) = (1 = P¢(A,T))P(Ho)Co, to consider the worst case i.e., minimum path las® order
Ri(\,T) = (1 —Pg(\,T))P(H;,)Cy, to calculate the transmit power based on (17). For a number of

_ PUs under a given power class, if the PU with the minimum
Ro(\,T) = Pa(\,T)YP(H1)Co + Pr(\,T)P(Hp)Cs. (15 : ; .
2(0.T) aX TYP(H)C, + Py (A T)P(Ho)Cs- (15) path loss i.e., strongest estimated power is protectedttadr

It should be noted from (13) and (15) that the achievabfUs under that class can be protected. In this case, we assume
throughput for the simultaneous sensing/Tx case is higtaar t that each PT only transmits during its own slot.

the achievable throughput for the periodic sensing case. It should be noted that the CR estimates the received PU
power, which is transmitted from the PT and hence the path
A. Power control loss using (18) denotes the path loss between the CR receiver

The aggregate secondary interference towards the PR shtild the PT. However, in practice, we need to protect the
be below the tolerable interference threshold of the PR RS from harmful interference caused by the ST. For this
order to provide sufficient primary protection. Let us denof?UrPose, we can consider the following practical cases. [14]
the tolerable interference threshold of the PR Iy Under The first case assumes duplex transmission mode for the PUs
the proposed framework, the Secondary Transmitter (ST) mig§- each user_lnterchangeably transmits and receives ove
interfere with the PR in the following two cases: (i) Transmi time. If we estimate the path loss based on the strongest
sion under theH; hypothesis with probability?(H; ) (1 —P,) SNR over mulnple time slots, we can also protect the weakest
as in [9], and (i) Transmission under t#& hypothesis with link assuming t_hey hav_e the same mterferencg thresh(_)lel. Th
probability P(H;)P, under the proposed hybrid frameworkSame explan.atlon.applles for the case of mulnple PU links as
More specifically, for a targeP,, there exist the following well. If the link with the strongest power is protected, then

constraints for restricting interference towards the PU. @l the other PU links can be protected. The second scenario

B considers the simplex mode of transmission for the PUs and

P(H1)(1 = Pa)aPrea < Ir, a short range wireless communication for both primary and
P(H1)aPgPrea < I, (16) secondary systems provided that interference levels froen o

system to another are at a similar level. In practice, thieca
wherea denotes the path loss between ST and the PR. If Waqeq \when a spectrum resource is left completely unused

look carefully 'at the first constraint, vyhen a SU misses trthin a sufficiently large network coverage area [24]. listh
PU detection, it assumes the state as if there were no PUs 80ds  fixing secondary transmit power based on the received

transmits with full power instead of implementing any POWELjq ) from the PT is a reasonable strategy for protectieg th
control. This constraint is usually handled by the regolai pn as well.

and standards by defining the desired probability of detacti

for the secondary system so that the primary system is able VI. NUMERICAL RESULTS

to tolerate the outage for the duration of the miss detection In this section, we evaluate the performance of the proposed
Therefore, we focus on the second constraint in our poweybrid approach with the help of numerical results. We use
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TABLE I: Throughput Calculation for Various Cases
Case Reference
Conventional Approach with Periodic Sensing Eqn. (6)
Conventional Approach with Simultaneous Sensing/Tx | Eqn. (9)
Proposed Hybrid Approach with Periodic Sensing Eqn. (12)
Proposed Hybrid Approach with Simultaneous Sensing{T>Eqn. (14)

o
)
T
=
b
b
b
=
b
b

o
)
T

o
>
T

achievable secondary throughput as a performance mettic an
present the variation of this metric with respect to sensing
time, PU interference threshold, and the received PU SNR.

o
N

o
T

Secondary Throughput, bits/sec/Hz

We consider carrier bandwidth and the sampling frequency —#— Conv. approach with periodic sensing
. 48 —+— Conv. approach with simultaneous sensing/Tx
to bE6 MHz. Let us Consldeﬂ)(Hl) = 0.2 and the target Proposed hybrid approach with periodic sensing
. . . . —=&— Proposed hybrid approach with simultaneous sensing/Tx
detection probability b&).9 as in [8]. In practice, the_ value e T R L R
of P4 should be close to but less thdn especially in the Sensing Time, ms

low SNR region. As an example, the IEEE 802.22 cognitive Fig. 5: Secondary throughput versus sensing tirhg £ —130 dBW,
Wireless Regional Area Network (WRAN) standard requires ~ Pa = 0.9, T =100 ms,SNR,, = —15 dB, SNR, = 20 dB)

the receiver sensitivity of-116 dBm for sensing Digital o ! . ‘
. . . . . . —#— Conv. approach with periodic sensing
Television (DTV) signals wittB0 % probability of detection s.9]-| —+— Conv. approach with simultaneous sensing/Tx |
. . Proposed hybrid approach with periodic sensing A
[25]. Furthermore, we consider received secondary SNR as | |4 propose nybrd approach vith simutancous sensingTx 1

o
®

SNRs = 20 dB and we evaluate the throughput performance
in low primary SNR region. Let us consider the frame duration
to be T = 100 ms. In the presented simulation results,
we consider a fixed channel attenuation Iof dB for the
channel between the SU and the PR as in [9]. We present
the corresponding throughput expressions for the coreider
four different cases in Table I.

Figure 5 presents throughput versus sensing time for differ o ‘ ‘ ‘ ‘ ‘
ent approaches with parametefg & —130 dBW, P, = 0.9, TR e theshon
T :_ 100 ITIS, SNR}J = —15 dB, SNRS_ =20 dB)' From Fig. 6: Secondary throughput versus PU interference threshold for
the figure, it can be noted that there exists a tradeoff betwee different approache#(; = 0.9, T = 100 ms, SNR,, = —15 dB,
throughput and sensing time for the periodic sensing agproa SNRs = 20 dB, 7 = 2.5 ms)
as noted in [8]. It can be depicted that for both conventionglmeans that if the PU can tolerate more interference fraen th
and the proposed hybrid approaches, the optimum sensi@ondary system, secondary transmit power can be indrease
time is 2.5 ms and the proposed hybrid approach withy guaranteeing the sufficient PU protection, hence resylti
periodic sensing achieves higher throughput in comparispn the increased secondary throughput. Since conventional
to the conventional periodic sensing approach for all thgproaches do not consider achievable throughput from the
considered values of the sensing duration. For exampl@gat tinderlay approach, no variation is observed on the secgndar
sensing time of2.5 ms, the proposed hybrid approach withhroughput with respect to the PU interference threshold.
periodic sensing achieves6 bits/s/Hz throughput, whereas Figure 7 depicts the secondary achievable throughput sersu
the conventional periodic sensing approach achieves ofdiyget probability of detection/;) for all the considered
about 5.3 bits/s/Hz i.e.,0.3 bits/s/Hz increased throughput,approaches with parametets (= —130 dBW, 7" = 100 ms,
which is a considerable gain. Moreover, while considermg tSNR, = —24 dB, SNR, = 20 dB). From the figure, it can
simultaneous sensing/Tx case, the proposed hybrid agproge noted that the throughput decreases with the increase in
achieves5.76 bits/s/Hz throughput whereas the conventionahe value ofP, for the considered value of SNR. During
approach achieves45 bits/s/Hz throughput. Therefore, it cansimulation, it has been noted that the rate of throughput
be concluded that the proposed hybrid approach perforgiscrease with respect @, increases as the received PU SNR
better than conventional approaches for both periodicisgnsdecreases.
and simultaneous sensing/Tx cases. Figure 8 shows the secondary achievable throughput versus

Figure 6 presents the secondary achievable throughput vietJ SNR for all the considered approaches with parameters
sus PU interference threshold with parametdris £ —130 (I = —130dBW, T = 100 ms,SNR, = 20 dB, 7 = 2.5 ms).
dBW, Py = 0.9, T = 100 ms SNR,, = —15 dB, SNR, =20 From the figure, it can be noted that the secondary throughput
dB). From the figure, it can be noted that the achievabiecreases with the increase in the received PU SNR for both
throughput with the proposed hybrid approach in both ttiee conventional and proposed hybrid approaches with the
cases (periodic sensing and simultaneous sensing/Txgliehi periodic sensing whereas for both the conventional and the
than that of the conventional approach. It can be depictpdoposed hybrid approaches with simultaneous sensing/TX,
that while increasing the interference threshold, the séary the secondary throughput remains constant after some value
throughput increases for both the proposed hybrid appesactof the received PU SNR. Furthermore, from the simulation

o
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I

o
@

Secondary Throughput, bits/sec/Hz
@

o
IS
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