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Abstract—Wireless energy harvesting is regarded as a promis- signals will provide a practically realizable solution forture
ing energy supply alternative for energy-constrained wiréess applications, especially for networks with low power dedc
networks. In this paper, a new wireless energy harvesting mtocol such as wireless sensor network (WSN) nodes [8, 9].

is proposed for an underlay cognitive relay network with mutiple . . .
primary user (PU) transceivers. In this protocol, the secodary Wireless EH has been proposed in non-relay assisted as well

nodes can harvest energy from the primary network (PN) while @s relay assisted networks [10-14]. Two commonly used EH
sharing the licensed spectrum of the PN. In order to assess receiver architectures, namely power splitting (PS) namei

the impact of different system parameters on the proposed and time switching (TS) receiver, are proposed and studied
network, we first derive an exact expression for the outage in [10]. In a PS receiver, a fraction of the received signal

probability for the secondary network (SN) subject to three . d to h t d th inder i d
important power constraints: 1) the maximum transmit power power IS used 1o harvest energy an € remainder IS use

at the Secondary source (SS) and at the Secondary re|ay (SFE)’ to retrieve information. A TS I‘eceivel‘ harVeStS energy from
the peak interference power permitted at each PU receiver, red the received signal for a fraction of the time and retrieves
3) the interference power from each PU transmitter to the SR the information from the received signal the rest of the time
and to the secondary destination (SD). To obtain practical dsign [10]. The fundamental tradeoff between harvesting enengy a

insights into the impact of different parameters on succedsl data i itting inf tion i | isted netwovk
transmission of the SN, we derive throughput expressions fdoth ransmiting inftormation in-a non-refay assisted netwovero

the delay-sensitive and the delay-tolerant transmission pdes. @ variety of channel models is investigated in [11,12]. Two
We also derive asymptotic closed-form expressions for theutage practical receivers based on PS are proposed and the rate of
probability and the delay-sensitive throughput and an asymptotic  jnformation transfer and the harvested energy are studied i
analytical expression for the delay-tolerant throughput & the [13]. Inspired by the TS and PS receiver architectures, two

number of PU transceivers goes to infinity. The results show EH relavi tocol v i itchi | TSR
that the outage probability improves when PU transmitters ae relaying protocols, namely time switching relay ( )

located near SS and sufficiently far from SR and SD. Our resuk  Protocol and power splitting relay (PSR) protocol, are pro-
also show that when the number of PU transmitters is large, ta  posed for an amplify-and-forward dual-hop network in [14],

detrimental effect of interference from PU transmitters outweighs \where the energy constrained relay node harvests enengy fro
the benefits of energy harvested from the PU transmitters. RF signals of the source and uses the harvested energy to

Index Terms—Cognitive relay network, energy harvesting, forward the information from the source to the destinatidme

multiple primary user transceivers. delay-tolerant and delay-limited throughputs for EH ratay
protocols are analyzed in [14].
|. INTRODUCTION Cognitive radio (CR) is a promising technology which aims

Energy harvesting (EH), ie., the process of extractintﬁ achieve better spectrum utilization [15]. Since pogpbint

energy from the surrounding environment, has been propo&@nmunications in CR networks is well established in the
as an alternative method to supply energy and to proloﬁé'snng I_|terature_, recent research on CR_ malnl_y focused o
the lifetime of energy-constrained communication networkCOOPerative relaying. In [16], a scenario with a single seur

A variety of harvestable energy sources such as heat, ligfigstination pair, assisted by a group of cognitive relayesod
wave, and wind have been considered for EH in wirele&s considered. In [17], considering a relay selection dotg
networks [1-3]. Recently, harvesting energy from ambieHl€ outage probability of cognitive relay networks is ewdidl.
radio frequency (RF) signals has received increasing titen |t IS @/S0 shown in [17] that the diversity order of selectian
due to its convenience in providing energy self-sufficieracy  Cognitive relay networks is the same as in conventionalrela
low power communication system [4]. With recent advances fiftworks. Note that the aforementioned works mainly carsid
the technology of low power devices both in industry [5] angingle primary transmitter and receiver. For the multipte p

academia [6, 7], it is expected that harvesting energy fréfm RNaTY transmitters and receivers case, the outage perfeenan
of cognitive relay networks with single antenna and mutipl
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assisted CR with EH and overlay spectrum access is studied peak interference power at each PU receiver; and 3) the
in [21]. An optimal spectrum sensing policy which aims interference power from multiple PU transmitters at SR
to maximize the throughput subject to an energy constraint and SD.

and a collision constraint is investigated in [22]. In [23h « We derive analytical expressions for the throughput both
optimal mode selection policy is proposed to maximize total in the delay-sensitive and the delay-tolerant transniissio
throughput in the cognitive radio network (CRN), where the  modes.

SU switches between EH mode and OSA mode. In [24], thee We derive asymptotic closed-form expressions for the
throughput in an amplify-and-forward (AF) cognitive relay  outage probability and delay-sensitive throughput and an
network is maximized subject to transmission time and gnerg  asymptotic expression for the delay-tolerant throughput
constraints at the CRN. In [25], the sum of harvested powters a as the number of PU transmitters and receivers goes to
multiple energy harvesting SU receivers in a MIMO underlay infinity.

CR is maximized, subject to satisfying two constraints.(i.e « We show that there exists an optimal number of PU
a target minimum-square-error at multiple CR information transceivers that achieves the minimum outage probability
receivers and the peak interference power constraint at the and the maximum throughput for the SN.

primary network receivers). In [26], the outage probapilit « We show that when the number of PU transmitters is
is analyzed for a non-relay assisted secondary network (SN) large, the negative impact caused by the interference from
which shares the spectrum and harvests energy while aggsisti  the PU transmitters outweighs the positive impact brought
a primary transmission. The results in [26] show that the SN by the EH from the PU transmitters at the SN.

can harvest sufficient energy from RF signals to relay the

information for the primary network (PN) as well as transmig_ Notation and Organization

its own information. In [27], an EH protocol for a non-relay
assisted SN in underlay CR with a single SU transmitter a
multiple energy-constrained SU receivers is studied.

The remainder of the paper is organized as follows. In
ction I, we present the system model and assumptions
for the EH relaying protocol. In Section Ill, we derive exact
expressions for the outage probability and the delay-aoler
A. Motivation and Contributions and delay-sensitive throughputs. In Section 1V, we derive

The motivation behind adopting wireless energy harvestifigfact asymptotic expressions for the outage probabilitithe
in underlay spectrum sharing networks with multiple P elay-tolerant and delay-sensitive throughputs as thebeam

transceivers can be described as follows: 1) From the persp@f PU transceivers goes to infinity. lllustrative resultsdan
tive of SU, the RF signal from the PUs can be regarded ganclusions are provided in Sections V and VI, respectively

a constant energy source due to the concurrent transmission Il. NETWORK MODEL
between the PN and the SN; 2) The transmit power at SU

) . As shown in Fig. 1, we consider an underlay cognitive
must remain below a predetermined threshold due to th . -
: : . relay network where an energy constrained SS transmits to an
interference power constraint from PN. This well matches th . . :
energy sufficient SD through an energy constrained SR using

notion of wireless energy harvestlng as a promising tedm'qthe licensed PU spectrum. The primary network consists of
for low-power devices due to the limitation of power tramsfe

) : . ; 1
efficiency; and 3) It is realistic to consider multiple P rimary transmitters (PL) andN primary receivers (PL}) ;

: ) ; assume that all PU transmitters are closely located in one
transceivers to operate simultaneously in a large scale

: . . center point and all PU receivers are closely located interot
network. Increasing the number of PU transmitters incrédase . . X
ter point [18,19,29]. We assume that there is no direct
energy harvested by the SU. However, as the number of P .
. i : .. link between SS and SD due to deep fading [30,31] and the
transmitters increases, the interference from PU tratsrait

on the SU also increases. Therefore, it is important to Stu?é)(mmunlcatlon between SS and SD can only be completed

the tradeoff between the benefits of energy harvesting amd th the help of SR [14]. Both pf the SS and SR iny use
) e energy harvested from RF signals of PU transmitters. We
harmful effects of interference.

consider a communication system with rechargeable storage

In this paper, we propose a_wweless EH prOtOC.OI for gbility at SS and SR. All the energy harvested during the
decode-and-forward (DF) cognitive relay network with mul- L . . . .
energy harvesting time slot is used for information trarssmi

tiple PU transceivers. With this protocol, both the energy . . : : :
constrained SS and secondary relay (SR) nodes can ha?\/g('e%?] [14,32]. From the implementation point of view, this

. . . rechargeable storage unit can be a supercapacitor or a short
energy from the RF signals of multiple PU transmitters t g g P P

support information transmission. The impact of EH and P rm/high-efficiency battery to support the switching begw

interference on the outage probability and the throughput‘i::nergy harvesting and |nformat|0n_transm|33|9n [33]. Note
) that the SN shares the spectrum with the PN in an underlay
the SN are studied. : .
X I . . aradigm, which means that secondary users can perform
The main contributions of this paper are summarized as o .
follows: concurrent transmission as long as the interference at RS do
' not exceed a peak permissible threshold, denoteBbysince

« We derive an exact expression for the system outaggyre is no sensing in an underlay paradigm, we assume that
probability in the cognitive relay network subject to

three power constraints: 1) the maximum transmit POWer iye assume that PU receivers apply multi-user detectors taeta
at SS and SR based on the harvested energy; 2) ftiterference from different PU transmitters [28].



PUx PU term/high-efficiency battery). Subsequent to the harmggtie-
@ riod, SS transmits information to SR for a duratiefi —«)T,

@ - where(0 < 8 < 1. Then, SR forwards the information to SD
AN T for a duration of(1 — 3)(1 — «)T. For simplicity, we assume
NN 91" 7 G B = % in this network.

(a) SS Harvest SS transmits the
energy Information to SR

(b) SR Harvest SR Receives the SR Transmits the
SD energy Information from SS Information to SD

hl h2
Fig. 1. System model of the energy harvesting cognitivearayistem. The aT Q-a)T /2 Q-a)T /2
EH links, interference links, and information links areudirated with the
dashed, dotted, and solid lines, respectively. Fig. 2. (a) illustrates the protocol at SS in one EH-IT timetsind (b)

illustrates the protocol at SR in one EH-IT time slot.

the energy required to receive/process information isigi¢ ~ The energy harvested using the TS receiver architecture at
compared to the energy required for information transmirssiSS and SR are given by

[14,34,35]. We consider interference-limited case whéee t

N
interference power caused by PU transmitters at SR and SD _ 12
is dominant relative to the noise power [18]. All channels ar En, =nPpu., Zl |fi51 e, (1)
assumed to be quasi-static Rayleigh fading channels where t =
channel coefficients are constant for each transmissiockbl@nd N
but vary independently between different blocks. - 12
As shown in Fig. 1, we denote the channel gain coefficients En, =nPpu.. z; |f2, %, (2)
J:

from SS and SR to theth PU., by ¢, and g,; for

i = 1,2,..., M, respectively. We denote the channel gaifespectively, wher) < n < 1 is the energy conversion

coefficients from SS to SR and from SR to SD hy and efficiency [35], andPpy,, is the transmit power of all PU

hs, respectively. And the channel gain coefficients from tHgansmitters). We consider constant transmit power of SS

jth PU,, to SS, SR, and SD, are denoted fy;, fo,;, and and SR during the IT time slot, therefore, the maximum

fz;forj=1,2,,..., N, respectively. We denote the distanc@owers that SS and SR can transmlt at based on the harvested

between thejth PUm and SS, SR, and SD a5 j, dy ;, and €nergy ar»(l 75 and 75, respectively. Therefore,

ds ;, respectively. The distance between SS and SR and the transmit power at SS anof éR are given by

ith PU,, are denoted ad,; andds ;, respectively. And the E) Py

distances between SS and SR and between SR to SD are Py = min( - g 5);
. . . o (1 —a)T/2 max|g ;|

denoted asis andd;, respectively. The link gain realizations ’

b % |hal?, lg14l? 19242 1f10% |f2,5]% and |fs;|*> are and - b

exponentially distributed with parameteks, A2, w1 i, w2, P, = min( hr , z 2)7 (4)

11,4, V2, and s ;, respectively; for example); = dg™ (1 = )T/2" max|ga,il

wherem is the path loss factor. The link gains from the PUYespectively.

transmitters to the SS are assumed to be identically disé®  As the SS and SR share the same spectrum with the PUs,

as well as those to the SR and SD [18], i.e;,; = v1, the transmitted signals from SS and SR cause interference to

vaj = vo, andus; = vg for j = 1,2,..., N. Similarly, each Py,. Constraints on the transmit power of SS and SR

the link gains from SS to the PU receivers are assumeddge imposed in order that the interference power to the PU

be identically distributed as well as those from SR to PHoes not exceed®;.

®3)

geceivers, g1 = wi, w2y = wy fori = 1,2,..., M. Then signal to interference ratio (SIR) at SR and SD are
obtained as
As shown in Fig. 2, the SS and SR harvest energy from P X,
RF signals of PU transmitters for a duration @f' at the I'g = min(pZ;, — Y )Z (5)

beginning of each energy harvesting-information transiois

(EH-IT) time slot, whereT is the duration of one EH-IT time and

slot and0 < « < 1. We assume that regardless of how much Pr X,
energy is harvested at SS and SR in the EH time slot, they can I'p = min(pZz, T~ Y, )=~ 73
store it in a storage device (e.g., a supercapacitor or &-shor

(6)

3In this work, we assume that the power that can be transféor&® and
2To keep the analysis tractable, shadow fading is not coresidm this SR is greater than the activation threshold and the energiesting circuits
paper. at SS and SR are always activated.



respectively, wherep = (fﬁz), X1 = |m|?, X2 = Theorem 1. The outage probability of the SN with the

a2, 21 = Z;VZI Ppu,, | f14]? Zo = Z;\f:l Ppu,, | f21?, proposed energy harvesting protocol is given by

N [eS)
Zy = 31 Pru,|fs1% Y1 = i IFaXMml’k'Q' andY = Pout(yen) =1 _/ (JIr1+ Jr11)
; : :

.....

max |g2.x[*. Note thatl'r andT'p, are dependent random

i=1,..., ) . N—-1,~Ppi-7

variables because they both are functionsZef Zy e PUwm"2
d 12
x (Ip,r1+ jD’H)F(N)(PPUml/z)N 20, (12)

[1l. EXACT PERFORMANCEANALYSIS where Jr 1, Jr,11, Jp,1, and Jp ; are defined in Ap-
endix A.
In this section, we derive expressions for the outage prob%- .

bility and throughput for the secondary network with the-pro ~ Proof: See Appendix A. u

posed energy harvesting protocol. These expressionsderovi
practical design insights into the impact of various par@me B. Throughput

on the performance of the secondary network. In this section, we evaluate the throughput in two transmis-

sion modes: delay-sensitive mode and delay-tolerant mode.
A. Outage Probability The evaluation of throughput provides insight into praadtic

- ] ] .. implementations and challenges of EH cognitive relay net-
The outage probability?,., is defined as the probability ok

that the equivalent SIR at each hop is below a threshold yaluel) Delay-sensitive Transmissiorin this mode, SS trans-

7en- IN our paper, the DF relay assisted spectrum sharifgs information to SR at a fixed rate, denoted By, where

network is considered to be in outage if only one of the Iinklz%dS 2 log, (1 + ). The throughput in delay-sensitive mode
is suffering from an outage, i.e., is expressQed as [14]

Pout(vin) =1 —=Pr{l'r > vn, I'D = "tn}» 7 A-a)T
(7 ) { ! ! } ( ) Tds = 721 Rds(l - Pout(’yth))
wherel'r andI'p denote the SIR RVs at SR and SD, and are (1-a)
given in (5) and (6), respectively. = ———Rais(1 = Pout(tn)), (13)

To facilitate the outage probability, we first derive the _ 2 o
cumulative distribution function (CDF) and the probalilit Wh?rerS 1S equal_to_the _rateli)f)t:pe successful transmissions
distribution function (PDF) ofZ,, p € {1,2,3} andY,, ¢ € durlng the t.ransm|35|on tlmé+, when SIR requirement
{1,2}. Note that eachZ, is the sum of N independent (v¢n) is satisfied at SR and SD. Note, the system outage

exponential RVs and its distribution is chi-square distiibn.  Probability is obtained from (12).

The PDF and CDF of,, are expressed as 2) Delay-Tolerant Transmissiontn this mode, users can
transmit messages reliably while the transmission ratess |
ZNA{#;VP than or equal to the ergodic capacity,,, which is defined
fZP (ZP) = L N (8) as [36]
L(N)(Ppu,, vp) Corg = Eflogy (1 +Ty)},
and

whereE{.} denotes the expected value of an argument and
(N, Pzipu) Ty, is a random variable defined ag, = min(yg,vp). We
i 7 (9) obtain delay-tolerant throughput, denoted 4y, as

I'(N) ’
(1—a)T 0
respectively, wherd'(.) and I'(.,.) denote the gamma and r; = 2 Corg = (- a)/ 1 - Fp, (@) dz, (14)
incomplete gamma functions, respectively. The PDF and CDF T ' 2In2 Jo (1+2)
of Y, are expressed as where Fr,, () denotes the CDF ofy;, and it can be
Mol evaluated by (12), i.e.Fr,, (vtn) = Pout(1:r). In contrast
M M-1 k(5L )y, to delay-sensitive mode, where SS is expected to transmit at
P =2 3 (M) S an O . . o
w a fixed rate to satisfy a certain outage probability, in delay
tolerant transmission mode, SS can transmit at any ratel equa
and or less than the evaluated ergodic capacity.

Yq

F = (1—e wa )M 11
vy (Yg) = (L= e =), (11) IV. LARGE SYSTEM ANALYSIS

respectively. We assume that the distances between the PUh this section, we analyze the outage probability, theydela

transmitters are relatively smaller than the distancewdxn sensitive throughput, and the delay-tolerant throughptthe

the PU transmitters and SS, SR, and SD. The same assumptiomber of PU transceivers grows to infinity. A increases,

is used for PU receivers with respect to SS, SR, and SD. more interference imposed on SR and SD may cause outages.
The exact expression for the outage probability is given f@n the other hand, a8’ increases, SS and SR can poten-

the following theorem. tially harvest more energy from multiple PU transmitters. |

FZp (Zp) =

k



addition, asM increases, SS and SR can impose interferentheorem 2. As the number of transceivers goes to infinity, the
at more number of the PU receivers. The tradeoff betweentage probability of the proposed cognitive relay netwisrk
the positive impact brought by the energy harvesting frogiven by in closed form

multiple PU transmitters and the negative influence brobght

the interference of the multiple PU transmitters on SR and SD Pou(yen) =1 - OrObp, (23)
can result in optimal values fav/ and NV which correspond to where ©r = Pr{I'} > v} and ©p = Pr{l'¥ > v},
the minimum outage probability and the maximum throughputspectively.

To do so, we will first look at the distribution of;, Zs,
and Z3 as N — oo. Since Z; is independent and non-
identically distributed exponential RVs, the distributiof 7
is asymptotically normal a¥/; — oo. Using law of large
numbers, we have

Proof: The term©p, is obtained in (26) at the top of next
page. The terms in (25) can be obtained using the CDF and
PDF expressions foX; andY;. Applying [38, Eq 3.322.1],
we can further simplify© p obtained in (26) as

d ewt YrR™—7YrwWi(1+In M)
Z1—>NPPUWV1, (15) Ogr = 5 (1—(1) (’wa1+2—>)
w1
where A-% B denotes convergence in distribution of a rv A L {q) <U_R> _ <UR* )] 27)
to a rv B. Similarly, we have 2 2w1 2wi1 /)|’
— Ppuy, Nvoven — 2 (Tt —
Zg—d>NPpUml/2 (16) where TR = PU)\IPI2 h' (I)(SC) - Tfo ¢ dt Ur =
pN% —wi —wiInM, and ugs = —wi; — wyln M.
and Similarly, we obtain® p, by substituting the parameters of (27)
ZBiNPPUtIV?,- (17) With 11 — vy, w1 = w2, A1 = Az, @andvy — vs. Then we
have
In the same manner, we obtain the distributionYgfand Y> w32 —ypws(1+In M)
asM — oo. SinceY; is the maximum of/ independentand ©p _ (1 ) (7DW2 + “_D))
non-identically distributed exponential RVs, the digttibn 2 2wy
of Y, is asymptotically normal, a7 — oo. From [37, n L [(I) (u_p) o (’U/D*):| 28)
Proposition 1], we have 2 2wo 2wy )|’
— _ P _
Y1E>W1+W11DM+Y1, (18) where up = m —wy —welnM,ups = —wsy —

woln M, and~yp = w Substituting (27) and (28)
into (23), we obtain a closed-form expression for the outage
probability. ]

whereY; is the normal distribution with\/(0, 2w, 2). Simi-
larly, we obtain

}/QE>WQ+WQ1DM—|—?2, (19)
B. Throughput
We derive the delay-sensitive throughput and delay-tatera
throughput in this section. We use the expression derived in
3) to evaluatery? and7gy, respectively, as

whereY', is the normal distribution withV'(0, 2w,2). Having
the distribution ofYy, Ys, Z1, Zs, and Z3 for large number
of PU transceivers, we rewrite SIR in (5) and (6) at SR a

at SD as
d . P[ Xl oo (1 - Q)R _ p® 29
'Y ~min(pN Ppy, v1, — Tas = as(1 ot (Vth)) (29)
R (pN Ppy,, 11 w1+ In M + Yl)PPUtINV2 2
(20) and
1-— *1- K
a.nd Tgto — ( O[)/ Fth, (:C) dl‘, (30)
2In2 J, (14 2)

Pr Xo
Wo + woln M + Y4 ) Ppy,, Nvs'  Wherefr,, (v:,) can be evaluated using (23), .85, () =
(21) Pout (%fh)

respectively. We use the SIR in (20) and (21) to obtain the

outage probability for large number of PU tranceivers in the . _ . .
next section. In this section, we present numerical results to examine

the outage probability and the throughput for the proposed
cognitive relay networks with wireless EH. We show the
outage probability and the throughput as functionsFof,
The asymptotic outage probability of the SN is given by pp;; | and the position of PLJ. To gain more insights, we
0o _ 0o o0 examine the asymptotic behavior of the outage probability

Pour(yin) =1 = Pr{lg = 3, I5 = ven}- (22) and the throughput as the number of PU transceivers goes to
In contrast to (7)['y andI'} in (22) are independent andinfinity. In this work, we assume that all the distances betwe
therefore, we can write the second term in (22) as the prodeeich nodes are not smaller than one. Without loss of getyerali
of two terms. SS, SR, and SD are located at (0,0), (1,0), and (2,0) on the X-Y

d
'S ~min(pN Ppy,, v,

V. NUMERICAL RESULTS

A. Outage probability



Or =Pr{T'%¥ > vn}

Ppy,, Nv witwilnM+Y:) P
—Prlx, > PU;, 2%}1( 1 1 1),Y127[—w1—wllnM
Pr pN Ppy,, 1
— P,
+ Pr {Xl > Y2k } Pr {—wl —wiInM <Y, < - w1 — w1 1nM} (24)
pY1 pN Ppy,, 1
o w1 +wiIn M + Y1) Ppy,, Nvoysn o
=/ 1-Fx, ( ) @) dy,
UR PI
_ravn (1 UR U R~
X1pv — || — ) 25
e (5o (55) -0 (55)]) @)
PPUtzNug'ythwl(l«Hn M) _
e X1 Pp SR ?122 _ PPUt,I)\NI’/f'YthYl 07
— 4w 1571
2W1ﬁ /uR € ' !
1 __Y27th UR U R*
—e 2t [ — | =P . 26
ey e (5) o (55)] @)
0 ‘ ; ‘ 0.45 ; ‘ : ‘ : :
10 . Simulation /FQ—Q‘OA::‘:.—F—.—Q—.*&ﬂf.—f—G
——  Exact Analysis +  Simulation
2 = — Delay-sensitive 1
E j\é 0.3 — — - Delay-tolerant |
= L .;5,0.25 L/ /" Prun= 0 dBW
210 5 ) 10 dBW
E 202 ,
& e0.15 /
fg th =0 dB 8 O 1 /’
o - dB =l e Pru. = 0 dBW
-10dB 0.05¢~ 10 dBW
o oLbe—" . .
-20 =15 =10 =5 O 5 10 15 20 -10 =5 0 5 10 15 20 25 30
B (dBW) P: (dBW)
Fig. 3. Outage probability as a function é#;, with M = 3, Ppy,, = Fig. 4. Throughput as a function @z, with M = 3, and~;;, = 0 dB.
0 dBW.

relaxed. The maximum transmit powers at SS and SR are only

plane, respectively and the center of PU receivers is ldcatte dependent on the harvested energies.
(2, 1). We specify the location of the center of PU transmstte Fig. 4 shows the throughput in delay-sensitive and delay-
in the description of each figure. We assume that 0.5 tolerant modes as a function & for various transmit power
(Figs. 3-9),n = 0.8, and M = N for all the figures. In each from PU transmitters. The center of BUs located a0, 1).
figure, we see excellent agreement between the Monte CaFlee solid curves, representing the exact analysis of delay-
simulation points marked ase™ and the analytical curves, sensitive mode, are obtained from (13). The dashed curves,
which validates our derivation. representing the exact analysis of delay-tolerant mode, ar

Fig. 3 shows the outage probability as a functionfaffor obtained from (14). The results show that: 1) the throughput
various thresholdy,;, values. We assume that the center ahcreases as’; increases. This is because SS and SR can
PU;, is located at(0,1). The solid curves, representing thdaransmit at higher transmission power without causingrinte
exact analysis, are obtained from (12). Several obsenatiderence beyond’; as it increases; 2) for different value of
can be drawn as follows: 1) For a given value Bf, the Ppy,, , the throughput can reach the same asymptotic values
outage probability decreases as threshold vajyedecreases; when Pz is in high power regime. The reason is that@s
2) As the interference power constraid®z, increases, the goes to infinity, the power constraints at SS and SR are rélaxe
outage probability decreases. This is due to the fact thatn8S The SIR expressions at SR and SD become independent of the
SR can transmit at higher powers without causing interi@genvalue Ppy,, ; and 3) The throughput results for delay-sensitive
beyondPr; and 3) The outage probability reaches error floomaode is lower than those in delay-tolerant. The reason ts tha
when Pz is in the high power regime. This is because whein delay-sensitive, the information is transmitted at adirate.
Pr goes to infinity, the power constraints at SS and SR alfethe rate is above the channel rate, the outage occurs and th
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throughput suffers. While in delay-tolerant transmissiocode, AN .
the transmission rate is flexible due to the fact that the data’N \ \ Pr= 0dBW
SS can tolerate delays. Em 0.351 s \ "\ 10 dBW
Fig. 5 illustrates the outage probability as a function oz 0.3 A = 0dBW 5 1 20 dBW
Ppy,, for various locations of the PU transmitter centerS (.25} T0ABWE L
20 dBW

We observe that: 1) The outage performance degrades wg 02! \ \ '
increasingPpy,, . This can be explained as follows. On the oneg- =0.15]
hand, asPpy,, increases, SS and SR can harvest more ener
from PU transmitters, which can improve the performance (o 0.1  « Simulation

SN. On the other hand, aBpy,, increases, the interference"ﬁ 0.05| — Delay-sensitive

at SR and SD also increases. There exists a tradeoff betwe ([~ - Delay-tolerant Sreees
the transmit power and performance. The observed simalati -10 -5 0 5 10 15 20 25 30
results indicate that the detrimental effect of interfeefrom Pru. (dBW)

PU transmitters outweighs the benefits of increased eneryy
harvested from the PU transmitters; 2) The outage prolyabilkig. 7. Throughput as a function dtp,, , with M = 3 and~,j, = 0 dB.
decreases as the center point of, Pthoves towards SS and
away from SR and SD. This is because less interference is
imposed on SR and SD while more energy is being harvestagtves shift to the right ag’z increases. This behavior can
at SS, as Pl moves towards SS and away from SR and SDe explained as follows: 1) aBpy,, increases, SS and SR
As aresult, SS and SR can transmit information successdtllycan use higher transmit power to offset the interferencenfro
high power levels and hence, the outage probability for emivPU transmitters at SR and SD, respectively, and 2)Pas
Ppy,, decreases; 3) There exists error floors whign;,, is increases, the transmit power constraints at SS and SR are
in the low power regime, since in this case, the energy thaflaxed, thereby, allowing SS and SR to transmit at higher
can be harvested at SS and SR is the power constraint whigljwer levels without exceeding thB; interference power
limits the performance; and 4) There exists error ceilingemw constraint.
Ppy,, isin the high power regime, since in this case, the fixed In Fig. 7, we plot the throughput for delay-sensitive and
interference power constraift; limits the transmit power of delay-tolerant transmission modes as a functionPpf;, ,
SS and SR to affect the outage probability. Therefor®sif,, where we assume RU is located at(0,1). It is shown
goes to infinity, the interference will go to infinity and thethat the throughput ceilings and floors exit fé%,,. We
outage probability will approach one. observe that the detrimental effect of the interferencenfro
Fig. 6 shows the outage probability as a function®;,, PU,, dominates the throughput performance, such that the
for various Pr. We assume PL) is located at(0,1). We throughput decreases &sy,, increases. We also observe that
observe that there exists floors and ceilings of the outathe throughput curves moves to the right/asincreases. This
probability similar to those observed in Fig. 5. In additiere is due to the fact that whei’; is relaxed (i.e., increased),
observe that the outage probability decreaseBasicreases. SS and SR can transmit at higher power levels to offset the
This is expected since higher interference power constrainterference from PU transmitters at SR and SD, respeytivel
Pr allows higher transmit power at the SS and SR, whichs Ppy,, increases. Note that similar to our discussion in
results in a lower outage probability. The outage probghiliFig. 4, the throughput in delay-tolerant mode is higher than
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that in delay-sensitive mode. (0,1). The results show that the throughout increases and then

Fig. 8 shows the exact outage probability and asymptotiecreases as a function af For small values otx (~ 0),
outage probability as a function of/ for various Py, the SS and SR harvest insufficient energy for a reliable in-
positions. We plot the exact outage probability and asytiptoformation transmission due to short energy harvestingoperi
outage probability curves using (12) and (23), respegtivelind therefore, the throughput is low. For large valuesyof
The results from the large analysis converge to those fram tf~ 1), the SS and SR are unable to transmit reliably due to
exact analysis as the number of PU transceivers approac$lesrt information transmitting periods. As increases from
infinity. There exists an optimal/ which can minimize the small values to large values, the throughput is influenced by
outage probability. It is shown that the outage probabilithe tradeoff between the energy harvesting and information
decreases and then increases as the number of PU transceiv@nsmission periods. We observe that the delay-sensitide
grows large. Since SS and SR can harvest energy from all Belay-tolerant throughput improve when the number of PU
transmitters, it is natural to assume that the opporturity transceivers increase fromto 15. This is due to the fact
harvest energy from the PU network increases as the numit the negative effects brought by the interference frdsn P
of PU transmitters increases. In order to improve the systdransmitters on SR and SD offsets the positive effects brbug
outage probability given by (12), SS and SR can forwarely harvesting energy from PU transmitters on SS and SR. The
information at higher transmit power as the harvested gnemgsults also show that the optimalalue is not necessarily the
improve. However, the harmful impact of the interference insame for the delay-sensitive and delay-tolerant transomss
posed on the secondary network from the PN counterbalanoasdes.
the benefits gained from the energy harvesting as the numbeRemark 1: The value chosen for greatly impacts the
of PU transmitters increases. Similar to the observatidfign outage probability and the throughput of the secondary net-
5, a lower outage probability can be achieved when,Pi¥ work. As the value ofx increases fron®) to 1, the duration
far from SD and SR, and close to SS for the edc¢hvalue. of EH at SS and SR in each time slot increases and naturally,
It is also shown that increasing the number of PUs can ngfe remaining duration of the time slot to transmit inforioat
guarantee lower outage probability. decreases. In other words, more energy may be available at SS

In Fig. 9, we plot the throughput for delay-sensitive andnd SR but less time is available to transmit the information
delay-tolerant transmission modes as a functionMdf We It is desired to find a value forx which can maximize
assumePr; = 10 dB, Ppy,, = 0 dB, and PUy, is located the throughput. The optimal value aef can be evaluated
at (0,1). It can be seen that the throughput increases andmerically (and off-line) using search methods for (13) an
then decreases as a function df. We observe that the (14). Note that the closed form expression for the optimal
throughput approaches zero a$ grows large {4/ ~ 100) « is not tractable due to the complexity of the throughput
due to excessive interference power from PU transmitters epressions.

SR and SD. The large interference power disables SS and SRemark 2: It is desired to deploy SS, SR, and SD (with
from communicating the information to SD. The throughputspect to the PN) where the outage probability is minimized
results from the large analysis converges to those from thad the throughput is maximized. For example, the SN can
exact analysis a8/ increases. be deployed so that PU transmitters are located near SS and

In Fig. 10, we plot the throughput for delay-sensitive an8R for EH and away from SR and SD to reduce interference
delay-tolerant transmission modes veraufor various values power at SR and SD. In order to reduce the interference from
of M. We assume that the PU transmitters are loceted $% and SR at the PN, it is desired that SS and SR are far
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from PU receivers. This can be observed in Fig. 5, at the YZRI p
location where the outage probabilities as a functio®gf;,,, + Pr {X1 > %%h, Y—I < Zl}, (33)
for four PU,, locations are illustrated. If the system engineer L 1P
can deploy the SN network at a desired location and,PU JRr.11

and PU., are immobile, the optimal location of SS, SR, and
SD with respect to PLl and PU., can be obtained. Although where (32) presents the probability that SIR is greater than
a closed-form solution for the optimal location of SS, SRyased on the three important power constraints. We present
and SD from (12) is intractable, the solution can be obtainqu) in terms of the addition af/z ; and 7z ;; based on two
offline by numerical searching methods. possibilities:pZ, < ££ andpZ, > ££. ConditioningJx ; in
(33) on Z; and taking the expected value of the results over
VI. CONCLUSIONS the distribution ofZ;, we have

z P
e 212:;\}{ (1 — e_zw%n )Mle (Zl)dzl

tive relay network with multiple primary users (PUs) waspro  Jr; =

A wireless energy harvesting protocol for an underlay cogni /oo
posed. We performed the exact analysis as well as asymptotic 0

o0
analysis as the number of PUs goes to infinity. Expressions - / e~ Zan (1— e—zl%l)M
for the exact outage probability and the exact throughput fo 0
two transmission modes, namely delay-sensitive and delay- Z{v_le_—PPsz"l
i ici X dz. 34
tolerant, were derived. For a sufficiently large number osPU T(N)(Pro,. 1)V 1 (34)

we derived closed-form asymptotic expressions for thegmuta
probability and the delay-sensitive throughput and anydnal o )
ical expression for the delay-tolerant throughput. Ouuites ~ Note that by conditioning7z,; on Z,, the two terms in
show that the detrimental effect caused by the interferende.; become independent with respect to one another and
from the multiple PU transmitters at the secondary user (Stigrefore,Jr,; can be presented as the product of the two
outweighs the benefits brought by harvesting energy when #§&ms. Similarly, by conditioning/r ;7 in (33) onY; and by
number of PUs is large. The results also show that as paking the expected value of the result over the distriloutid
transmitters move closer to SS and farther away from SR atg We have

SD, more energy is harvested at SS and less interference is
imposed on SR and SD so that the outage probability of the SU * _wiZayvn Pr

decreases. In our future work, we will use stochastic geomet Jr.11 /O e T (1= Fy, (—p))fm (y1)dyr
to model the locations of PUs and investigate the relatipnsh

Pr
: * _wniZavy LN, Ppu, VlUlP)
between density of PUs and performance of SUs. = / e P (1-— e )
0 I'(N)
M-1
M M—-1 (kL
APPENDIXA Xw_1 Ek: ( § )(_1)ke (55 )yldyl.

In this Appendix, we provide a proof dfheorem 1Recall
thatl'z andI'p are two random variables which are dependent
on Z,. In order to express (7) in terms of the product of
two independent random variables, we condition the terim the same manner, the teffr{T'p > v:,|Z2} in (12) can

(35)



be obtained as

Pr{l'p > vn|Z2}

(3]
(4

. Pr\ X
= Pr{mm (pZQ,?Q)Z Z’Yth} [5]
(6]
_ pr{xz S sy ﬁ}
Zap Zap
[7]
Ip,1
YoZ P
+ Pr{XQZM,YzZ—I}. (36) I8l
Pr Z
Ip,11

[0
Since Jp ; is conditioned ornZs, the joint probability can be

written as the product of two marginal probabilities, i.e.,  [10]
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Zl IZ
Py \M [12]
(1 — e_m)
= = > (37) [13]
1 + PUtIVS’Yth)
( pPZ2ar2
. . . 14
whereZ; is obtained by applying [38, Eq 3.326.2] 4
I = / 6_%&3 (23)dz3 (15]
0
-N
_ (1 N PPU,Z,m V)\?»'Yth) ’ (38) [16]
pa2n2 [17]
and -
Ty =(1—e Zr2)M, (39) g
We conditionJp, ;; on Zs
Y>Z P,
Ip, 11|23 = Pr{X, > %I%h,iﬁ > p—le [19]
M-—1
_ e M M —1 (—1)ke (w2 gy,  120]
Pz w2 k
pZo k
(40) 2y
AveragingJp,;r over the PDF ofZ3; we have,
0o [22]
Ip,ir = / Ip,111Z3fz,(23)dz3
0
0o M—1 [23]
— / % Z <M - 1) (_l)ke*(%)w
A2 K [24]
1
dys. (41)

Yth PPU,, V3 N [25]
(1 + 92T)

The outage probability can be evaluated using the results
obtained from (34), (35), (37), and (41) in (12). [26]
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