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Abstract—We analyze the performance of a fully decentralized not exceeded. It requires a minimum of interaction betwien t
(FD) transmit power allocation (TPA) scheme for relay-assisted CR nodes and can be performed solely by the relays, i.e.; with
cognitive-radio (CR) systems. In particular, we assume that the ,,+ any feedback information from the destination nodes]n [
frequency band chosen by the CR relay network for unlicensed f imizati f1h tout si It -
spectrum usage overlaps with an active primary narrowband link. OCus was on a pure maximization ot the output signal-tG&ol
The considered FD-TPA scheme maximizes the signal-to-noise-Plus-interference ratio (SINR) at the destination nodéef@R
plus-interference ratio at the destination node of the CR network network. However, for practical applications it is typigesuf-
according to a best-effort strategy, while limiting the interferenee  ficient to achieve a certain target SINR value at the degtinat
experienced by the primary receiver. Numerical performance re node, thus reducing the energy consumption at the relays. Se

sults show substantial improvements compared to non-coopetige d. f imolicity the i t of th - ¢ itter thie
transmission. Moreover, the performance of the FD-TPA scheme ond, Tor simplicity the impact ot the primary transmitter

is close to that of the optimal centralized power allocation solution. Performance of the CR system was neglected in [6]. Finally,
the performance of the proposed FD-TPA scheme was assessed

solely based on simulation results. In this paper, we
|. INTRODUCTION (i) generalize the FD-TPA scheme such that relaying is per-

OGNITIVE radio (CR) systems have recently attracted formec_i only if a pre-defined ta_rget_SINR value is not ac-
complished by the source-destination link alone,

considerable interest in the wireless community [1]. Trax., . . ; .
ditionally, radio spectrum usage has been organized aiug)r;(”) 'fr(‘)?rl;gﬁgg%m]%agRO; tggrﬁ:rlmary transmitter on the-per
to fixed frequency plans defined through government licens id h h yf ’ vsi hich rés
As opposed to this, CR systems are envisioned to take ad - li[)t:(zl\t”sLejzbzltanctjirrs?lupgen‘gr"arrr1é\jrrlr(?ea ?rﬁgri\?:rzzlr?t,svivn ::Comrpaﬁgon
tage_of unused_ or partially occupied ban(_js in an adaptive, dy to non-cooperative transmission are achieved by the (gen-
namic, and unlicensed (‘secondary’) fashion, so as to altow eralized) FD-TPA scheme
a more efficient spectrum utilization. To this end, CR syste )

will require spectrum-sensing [2] and radio-scene-arislga- n;\s will be seen, the performance analysis turns out to beerath

pabilities [1], based on which they will adjust key transmiéf"o"’ed’ which is mainly due to the generalization of the-FD
sion parameters such as frequency bands and radiated iran _scheme n (i). In part.|c1,lllar, our anaIyS|§ requires the n
power. For example, CR capabilities will become relevant f erical evalu.atlon of certain mtegra_ll EXpressions, stiosed-

ultra-wideband (UWB) radio systems [3]. In this paper, we fd°'™M €xpressions do not seem feasible. Simulative perfooma

cus on CR networks consisting of a possibly large number & ults presented corroborate our fan'c}lysis and show thpeth
low-power transceivers for short-range transmission kenot- ormance of the FD-TPA scheme is, in fact, close to that of the
optimal centralized (OC) power allocation solution.

der of a couple of meters). Such a setup is, for example astev The paper is organized as follows: In Section Il, the system

for wireless sensor networks (WSNs) and future personal 4%3del and the optimization problem under consideration are
networks (PANSs). P P

introduced and the (generalized) FD-TPA scheme is degtribe
n Section I, the performance analysis for the FD-TPA sobe

is presented, and numerical performance results are mawd
ection IV. Conclusions are offered in Section V.

In order to achieve connectivity and guarantee a certaik qu
ity of service for such networks, (cooperative) relayinghte
nigques appear to be an attractive choice. Available relays
either be dedicated cognitive relays or temporarily inectiog-
nitive devices acting as relays to assist the (current)cssur Il. SYSTEM MODEL

destination link. So far, only a few papers on relaying t€CRye consider a short-range relay-assisted wideband or UWB CR
niques have been published that explicitly incorporate 6R C gy gtem that is based on code-division multiple access (CDMA
cepts. In [4], [5] focus was on the case where the individeal IThea source-destination node pair-D) is assisted by, per-

lays operate in unused frequency bands only (‘spectrum;l)olef ctly synchronized (in time and frequency) relay nodgs

In our previous work [6], we proposed a fully decentralizeff: 1,..., N,), which are equipped with mutually orthogonal

(FD) transmit power allocation (TPA) scheme for relay-stesi ¢ reading codes (spreading length,). For simplicity and

CR systems, for the case where the frequency band chose E&rctical relevance, we assume that all CR nodes employ a
unlicensed usage is not completely unoccupied, but accem fhgle antenna. Throughout this paper, we assume that a pri-
dates an active primary narrowband link. For a similar sCfiary transmitter-receiver pali,—U.y, €.g., a wireless local
nario, a centralized algorithm for optimum relay selectits 5164 network (WLAN) system, is present in the vicinity of the

recently proposed in [7]. CR system, operating within a frequency band that fully ever

The FD-TPA _scheme [6] maximizes the performanpe of theos with the band chosen by the CR system. The bandwidth
CR system, while guaranteeing that a certain pre-defined m X, occupied by the primary link is assumed to be small com-

imum interference level experienced by the primary regdive pared to the bandwidtfBcr, of the CR system, whereas the

tThis work was supported by a postdoctoral fellowship from German Average transmit powely,, employed by the primary trans-
Academic Exchange Service (DAAD). mitter is assumed to be much larger than the maximum transmit



powersPs max andPr; max available at the CR nodes. Finally,
the primary system is assumed to employ a time-division du-
plex (TDD) mode using identical frequency bands on the for-
ward and the reverse link.In the sequel, the bandwidth ratio
By/Bcr is denoted by, and the maximum sum interference
power tolerated by the primary receiver is denoted by 2,

The channel impulse response (CIR) associated with a cer-
tain link X — Y from one nodeX to another nodé&’, where

X,Y € {S,D,Ry, "gg)RNr’U“"(E"‘}; is in the following de- Q‘ﬁ' R, Transmit power

noted ashx y :=[hy s -, hx~ |%, whereLx y denotes u spectral density

the corresponding channel memory length. Moreover, we de-

fine the channel energyx y := > /%Y |h§QY|2. Since the [ ™ ,
bandwidthBy is assumed to be comparatively small, all links ‘ Bu  Frequency

associated with the primary transmitter/ receiver are rieatle Ber

with a channel memory length of zero. The system model Uflg. 1. system model under consideration and interferermessi in the fre-

der consideration is illustrated in Fig. 1. guency domain (for the example of two relays and a single prifransmitter
Throughout this paper, a quasi-static scenario is corsiter receiver).

The destination nod® is assumed to have perfect knowl-

edge of the CIR&is p andhy, p associated with the source-variances?y, := N%pPUtXOéUtx,Y [9, Ch. 13.2]. Moreover, the

destination and the relay-destination links=(L, ..., N;). Sim- destination node and each relay node are assumed to employ

ilarly, each relay nod&; is assumed to have perfect knowla Rake receiver, which performs optimal maximum-ratio com-

edge of the CIRhg g, and the CIRshg , r, associated with bining (MRC) of the signal received from the source node. In

the links from the other relayR; (i’ #1) to itself. Further- the sequel, let, denote the (overall) MRC output SINR at the

more, it is assumed that based on built-in radio-sceneysisal destination node. Moreover, let |, denote the variance of the

functionalities the cognitive source node and the cogmitea- AWGN process at cognitive node. If the MRC output SINR

lays are aware of the channel energigsy,  or ag, u,, @S- ~p exceeds a certain pre-defined target SINR valy@arget

sociated with its own link in direction of the primary receiv after completion of the source transmission phase, i.e.,

This requires some acquisition phase, before the relagtads

CR network can start to operate. In this context, it is assume YD = V5D = QPS%

that the primary transmitter and receiver change theirsrele ip T oup

ery now and then. Moreover, it is assumed that, = oy g and o
ar, u=aur, (i=1,...,N,), which is reasonable for primarythe destination node broadcasts a short acknowledgmetg)(AC

systems operating in a TDD mode. signal to inform the source node and the relay nodes that-rela
ing is not required. Otherwise, the relaying process is initiated.
In the latter case, all relays that receive the message fiem t

source node with an MRC output SINR of
The transmission protocol under consideration consista/of
orthogonal time slots. Within the first time slot, the sounoee _ Msasp,
S broadcasts a message to the relay ndtles. Ry, and the Laci e ofg, + 02y,

destination nodd, while the transmit powePs is adjusted
such that the interference constraint is met, &% as y_ <&. where~;;,, denotes some threshold SINR value, are assumed to

FurthermorePs is limited by the maximum available transmitdecode the message without any errors. THeéSe< N, relays

2 YD, target (2)

A. Transmission Protocol

> Vths (3)

POWEr Ps s then broadcast a short ACK signal to inform the other relays
o ¢ and the destination node that they will participate in the up
Ps = min{PS,maX, } (1) coming relaying phasé. In the sequel, lefl, C {1,...,N,}
P AS U,

denote the index set associated with the participatingysela
Throughout this paper, we assume that the source node tr W@gre|ﬂr| = N;. Within the_ second time slot, tha; re.lays

\ ' X Fa%ncode the message (using the orthogonal spreading)code
mits a large number of short messages using a low duty cyzle A
itis typical, e.g., for WSN applications), so that a relayptase
can be accommodated in the time domain without causin
critical rate loss. When receiving, the cognitive nodes are
sumed to employ simple despreading for interference ssppre Pr, ar, p
sion (rather than more sophisticated filtering techniquEsy- YR;—D =

respondingly, the primary interference power appears gt co
nitive nodeY as additive white Gaussian noise (AWGN) withyhere Py, is the transmit power of relai;. The MRC output
INR at th ination is th iven By =~s_. D
1TDD is becoming increasingly popular and has been adopteueasty or S atthe destination is thus give W 18—D+TIR=D

one possible option, e.g., in IEEE 802.11 WLAN systems [8, @h. 2 3Throughout this paper, we assume that the energy consumptk@kosig-
2|n order to estimate the channel energies from the signaigtine received nals is negligible. Moreover, we assume that ACK signals affecgntly pro-

from a primary transmitter, the (average) transmit pog[, must be known. tected using some low-rate channel code, so that they carcbied reliably

This appears to be a reasonable assumption, since due toetefrfquency throughout the entire CR network.

plans associated with primary spectrum usage it is knownwéystems will 4Since the relays are equipped with orthogonal spreadings;ae-bit ACK

operate in the frequency band under consideration. signals are sufficient in order to be able to identify theipgrating relays.

d simultaneously retransmit it, and the destination npmte
forms optimal MRC of the corresponding received signals, re
gsﬁectively. In this context, we define

., YR-D = Y YD, ()

3 2
oiptonp el



TABLE |

B. Optimization Problem
OVERVIEW OF CONSTANTS AND SPECIAL NOTATIONS

Assuming that no additional feedback information from the

. . . . . . . . . —T
destination is available, our objective is to adjust thesrait || 5 = Fx—y =Px oxy (03Y+0§,Y)
powersPg, of the participating relays such that the MRC outp Y .

SINR~g_.p within the relaying phase is maximized, subject tg T TiX,Y
. Wi, X,Y Wy, X,y = H I e ——
the constraints that iy —Ohxy
(a) the sum interference power experienced by the primary fie UEL
. . . . X, Y

ceiverU,, in the second time slot remains smaller thfan || ¢x.v PXY=D g WXy ;
(b) the transmit power of each individual relay node does nptc, Ciy = Ngp (PUtxag,Utx,Y)

exceed the maximum transmit pOWBE, max. > —T
Correspondingly, the optimal (centralized) transmit poake C2,1.R; C2uR; = Yih (PS Uz,s,Ri)
location results from the following linear program, whicling || Cs...x g, Cs500R: = Vak,—D — TLS—D

. _ . . —I
for example, be solved using the well-known simplex aldponit Cux Cux = 5(p Ug,x,urx>
[10, Ch. 4]: - 3 =T
L 1 — o ©2,,R; %0,R, ( )
maximaize YR—D = 55— Z Pqu QR,;.D (5) Kl,Rri Kl,Ri € 1+ CQ,Z,Ri/Cl,Ri
oipt%p 7 Lr.p
. - - H H Yi,R;—D
subject top Z Pri ar, v < € LR, D WLRaD = (™) =0 YR, D — VR, —D
i€l L) # (i.D)
Pr, < PR, max for all i € I,. Viri v = 4 1 Wi8,D WAR;,D
3,LA\,R; Y1,S—D YA\,R;—D
We assume that?;, ando? |, (or o7, +0?2 ;) have been mea- = I - =T
sured beforehand and are perfectly known at the destinat| e a = (Zz:o wi,8,D eXp(_FyD,target/’Yl,SHD))
. . —T
node. Moreover, we assume that the maximum transmit powey, Ks = Ka (Kaws,n _ 1)

levels Pr, max (1=1, ..., N;), the maximum tolerated interfer-
ence powet, as well as the parametgtare known throughout
the CR network. Further details about the above optimiratidll. PERFORMANCEANALYSIS FOR THEFD-TPA SCHEME
problem can be found in [6].

It is desirable to have analytical expressions that allovtous

C. Fully Decentralized Transmit Power Allocation Scheme SSe€ss the performance of the FD-TPA scheme and highlight
its advantage over non-cooperative transmission (i.e¢howt

relay assistance). To this end, we derive an expressioéor t

Yumulative distribution function (CDF) of the overall MRQte

In order to solve the above optimization problem, a centetd n
work nodeC would be required (e.g., the destination node

one of the relays) which _”eeds to be awarealrbfchannel en- put SINR~p at the destination node, while treating the channel
ergiesag, p andag, u,, (¢ € I,). After computing the opti- energiesis b, o an b (i€ L), o o o

mal solution, nod& would then forward the resulting transmit, 4 © Dshs’ stati c;{ﬁ&/ o depefn, dortrandomee Pl
power Ievels to .the participating relay nodes. O_bwou;’rl}st Inthéi‘ollowing, all transmission links are assumed to b& su
requires a significant amount of overhead, especially acé iect to quasi-static Ravleiah fading. i.e.. the channeffients
relay nodeR; needs to communicate its own channel energié%) q yielg 9.1.€. , .
ar, p andag, u,, to the central nodé€. In the following, we hyx'y (1=0,..., Lx y) are complex Gaussian random variables
consider a simple fully decentralized (FD) transmit powler awith zero mean and Varian(@%X,Y- In order to account for
location (TPA) scheme, which neither requires an exchafigedifferent link lengths, we assume a path-loss exponent. of
channel information nor of transmit power levels. Correspondingly, the channel varianeg?; y are modeled as

~ Based on the ACK S|gn,als broadcasted by the relays (cf. Sg?,_x,y — &zx,y (dvet /dx v )P, Wherezfz"d‘( 5127X)Y =1, dxy
tion II-A), the number N, of participating relays is known genptes the distance between nddand nodeY, andd,.; de-
throughout the CR network. Moreover, each relay nBdes otes some reference link length.

assumed to be aware of the channel energyu,, associated  \wjth regard to the relaying process, we distinguish the fol-
with its own link in direction of the primary receiver. Cosre lowing two cases:

spondingly, each relay can adjust its transmit power lesel a (o) Event€(®: The source node is able to accomplish the de-

Pr, = min {PR" e : } ’ (6) sired target SINR/D target ON its own (cf. (2)), i.e., relay-
‘ & pN!ag, u,, ing is not required 4s—.p > VD target)-

similar to (1). This guarantees that the primary receivereex (5) Event&%~): The source node is not able to accomplish the

ences a sum interference power of at ngostithout any further target SINRYD,sarger ON ItS OWN §/5—p <7D, targer), aNd
interaction between the relays. For example, in the speaiz a relaying process withV; <N, active relays is initiated.
where¢/(pNlag, u,.) < Pr, max for all i € I, each relay will The number of all possible index sdfs C {1, ..., N, } of

cause an interference power of exacgl§V!. Moreover, due active relays (including the empty s&t=0) is given by
to the minimization in (6) it is guaranteed that the maximum ¢ :=3"~"; (%). The xth index set is denoted a "
transmit power available at each relay is not exceeded. (k€{0, ..., — 1}), where I{” :=¢. Finally, the cardi-
Note that for large distances of the primary receiver nality of index setr ™ is denoted aM(K)I_,M
(i.e.,ag, u,, — 0 forall indices: € 1), (6) approaches the op- y t ol ]
timum centralized solution, since all active relays areeabl L€t Pr{€(®)| Ps, a7} and Pr{€(%+) | Ps} denote the condi-

operate at their maximum transmit power 1e¥&, .- tional probabilities associated with evefit®) and £(%+), re-



spectively, given a fixed source transmit pow&rand a fixed The conditional event probability (8) can be expressed as
interference power?,,
’ Pr{EP) | P} = H (lPr{MSR <= P PS}>

Pr{€® | Ps,0p} = Pr{7s—p>7Dtarget | Ps, 0ip},  (7) ien™
Pr{e® P} = [[ PrisonzvumlPs} (@ 1 Pefusa<i2|n}. 09
e H Pr{ys—r, <7 | Ps}. ) P
ign;™ wherepus r, :=asR,/(07g, +05 r,). The PDF ofag g, is of

Moreover, let us denote the conditional CDFs»@‘ associ- the same form as (11). MOfeOVGf?,RiZPUtx@Utx,Ri/Nsp
ated with event£(®) and event€(’~) as C(™ (yp|Ps,07p)  With pay, . (v, r,) =exp(— AU R /00 U0 v/ PO, U R 5
and C%) (yp| Ps, o2y, Py, , ..., Pr,,, ), respectively, and let Based on this, the PDF gfs g, is given by

p1(Ps), p2(a?p), andps ;(Pr,) denote the probability density Lsm WS R,
functions (PDFs) ofPs, o7, and Pg,, respectively. With  Prs.n; (1sr,) = Cipg, Z oZsn (14)
these definitions, the average CDF of the overall MRC output =0 5=
SINR~p at the destination node can be expressed as: (Cir, + MS,Ri/Uﬁ&Ri) 0121,Ri +1 0121,Ri HS R,
_ oo Ps max 2 . (Cl.,Ri + /'LS,Ri /O-lQ,S,R. )2 . - O—ZQ.S,R- .
Clow)= [ [ Prle® | Pioty) © | - S
o Jo Integration of (14) and evaluation of the resulting CDF at
x O (yp|Ps, o) - p1(Ps) p2(ofp) dPsdoly,  psr, =7in/Ps yields
PS max "}/th LS-,Ri
/ / (1= Pr{e") | Ps,0?)) Pr {us,Ri <h ‘ Ps} > wisn, - (1= Kir,). (15)
=0
Pitipgomax Pty ma (Br) Combining (15) with (13) yields the desired closed-form ex-
X e Pr{&'"+) | Ps} . (5e)
o 0 pression foPr{&7~) | Ps}.

X C(B“) (7D|PS; O’ED, PR,I s ...,PR.

i) B. Conditional CDFC(®) (yp | -) and C'Bx) (yp | -)
Consider first the case of non-cooperative transmissioerevh
X p3~,i1(PRz:1) " Psiim, (PRiMN) dPg,, - 'dPRmN no relays are available. In this case, the PDFpt=~s_.p,
2 ; given a fixed source transmit powEs and a fixed interference
X p1(Ps)p2(oip) dPs doip powero? ' at the destination node, is of the same form as (11).
In the following, we provide closed-form expressions fof Ne corresponding CDF can be calculated as
the conditional event probabilities (7) and (8), the condi- Ls,p .
tional CDFs C(®)(yp|-) and CB<)(yp|-), as well as the Chc(p|Ps, 07 Z w15D<1 eXP( >) (16)
PDFs pi(-), p2(-), ps.i(-). Special notations introduced in W8—D
the sequel are summarized in Table I. Next, consider relaymg case), where the source node is

able to accomplish the desired target SINR; aqcc ON its own.
A. Conditional Event Probabilities (7) and (8) By definition we haveyDzys?D ZWD,targgt. Based on (;6),
The conditional event probability (7) can be expressed as W€ therefore obtain the following expression for the candél
() . CDF C(™ (p|Ps, ofp):
Pr{€® | Ps, 02} = 10) . ’
{£9| Ps,oip} 10 @ (pPs,07p) = (17)

PS7 Ui,D} . 0 D < VD, target

1+Ka'(cnc(lyD|PS7o—i2,D) _QOS,D)» D Z’YD,targct ’
According to the Rayleigh-fading assumption, the PDkgof
is given by [9, Ch. 14.5]

2 2
VD target (05 p 03 p)
Ps

1-—Pr {CMS’D <

Note that foryp < vp target the first integral in (9) becomes
s zero, asC(*) (yp|Ps, 071, is zero foryp <7p target. Next, we
52 wisp asp consider relaying case), where the source node is not able to
Posp(asp) = —5exXp <— = ) - (11) accomplish the desired target SINR ;arget ON its own. For
=0 "LS.D L,S,D the special casei(), where no relay is able to decode the mes-
Integration of (11) and evaluation of the resulting CDF &fage from the source node correcﬂg(:][ =0), we have

8,0 =D target (07 p +07 p)/ Ps yields YD =95 D <YD.target- We thus obtain the following expres-
Pr{€@ | Ps, 02} = (12) sion for the conditional CDIE'\"°) (yp| Ps, 0’1, ):
Lsp ., O (yp| P, 0fp) = (18)
D,target
1- Z Wy,8,D (1 — exp <—%84arg;>> . K Cuc(0|Ps,0%p), D < VD target
=0 e 1 D = VD, target
°Note thatPs, o1, and Pr, are functions of the channel energies,u, SRecall that all links associated with the primary users are ateat by

ay.,,D, andagr; u,,, respectively. Moreover, in the case of the FD- TPAfrequency -flat fading {x v = 0), as the bandwidth ratip = By /Bcr was
scheme the reIay transmit powePg; are statistically independent. assumed to be small.



If a certain non-zero subs&t"™ C{1,...,N,} of relays is able
to decode the message from the source node corregilys

given by'YD =7s—D+7R—D while YS—D < VD, target- There-
fore, for a fixed source transmit powgy, a fixed interference

power o7, at the destination node, and fixed relay transm 08
powersPy, (: EL(“)), the PDF ofyp can be calculated by con-

volving the constrained PDF ef_.p with the PDF ofyg .p:

Lrp .
WiLR;,D YTR—D
D) =3 S exp (- ). 19)

ieg ) 1=0 Yi,R;—D Y,R;—D

For simplicity, we have assumed in (19) thiat, p =: Lg p for

all ie ™. Integration of the resulting PDF finally yields the

conditional CDFC%+) (yp| Ps, 021y, PR, -, Pr,,, ):
C(ﬁm)(ﬂYD|Psvo-i2,DaPRq‘,la"'7PR1/MN) = (20)

95 31 35 DI CHIY (Y (RIS Y

YA,R;—D
ier(®) 1=0 A=0

_ D
— ,8—D (exp < — 2 > - 1>:| ) D < YD, target
Y1,8—D

LspLr,p

Ky Z Z Z UL |:(’V)\A,Ri~>D — Y,8-D)

e 1=0 A=0

(o (<) 1) sy
Y1,8—D

X (eXp(CB,l,)\,Ri VD, target) — 1) exp <—_77D) },

Y\R;—D
D > VD, target -

C. PDFspi(-), p2(-), p3,i(+)in(9)
The PDFp; (Ps) of the source transmit powéts according to
(1) can be evaluated as

pi(Ps) = (21)

Cus ox (_04,5) L (1 Cex (_ Cys ))
PS2 P PS P PS,max
X 50(PS_PS,max>7 PS < PS,max
0 PS > PS,maX~

Hered (Ps— Ps max) denotes a Dirac impulse & = Ps max-
In order to arrive at (21), we have used that the PDb®f{;,,
is given bypa ., (as,u,.) =exp(—0s,u,.. /06 5,0,,) /76 5.,
If the interference constraint vanishes (i@ sy, — 0), we
obtainp, (Ps) = 50(PS Ps max), as expected.
The PDFp; (o} D) of the interference power;, at the des-

tination node is given by

P2 (O'iQ’D) = CI,D e Cup o'iqu. (22)
To arrive at (22), we have used that, = Py, au,,.0/Nsp,
while the PDF ofay,, p is given by p.y, . (au,.pn) =

exp(—au,.,n/93 v, )/,
Finally, similar to (21) one obtams the following PDF foeth

relay transmit powePg, (i € Iy
p3,i(Pr;)= (23)

C‘LRi ex _ C4st‘ + (1—ex _ C4,Ri
Nl"/ PP2{1 P Nr/ PRzi P NI{ PRi,max

X dp (PR,L _PRi,max>a PRi < PRi,max
0

o
o

Average CCDF of Yo
o
S

0.2

[=)
* O x +

Case 4
T

-10 -5 0 5 10 15 20
Yp in dB

Fig. 2. Average CCDH —C/(vp) of the overall MRC output SINRp, at the
destination node for different cases. Casgds—.p =5 dB,d=3, N, =10;
Case 27p,s—p =5 dB, d=12, N5, =10; Case 37 s_.p=>5 dB, d=12,
Nsp=20; Case 4: 59,s—.p=10 dB, d=12, Ny, =10. Lines represent
(semi-)analytical results obtained by means of Monte-Cartlegration of (9),
whereas markers represent simulation results. Dashed limescooperative
transmission; solid lines: FD-TPA scheme.

Againva,i(PR/i) = 50 (PRl _PRi,max) for pO—gVR“UrX — 0.

Based on the above closed-form expressions for the condi-
tional event probabilities, the corresponding conditidd@Fs,
and the PDFg, (Ps), p2(o7p), andps i(Pr,), a further eval-
uation of the average CDE(yp) of the overall MRC output
SINR ~p at the destination node (cf. (9)) appears to be diffi-
cult.” In the following section, we will therefore apply a Monte-
Carlo integration method, in order to evaluétéyp). We also
note that an extension of the presented analysis to the ¢ase o
the optimal centralized solution resulting from the linpao-
gram (5) does not seem feasible, since there is no closed-for
expression for the relay transmit powers, .

IV. NUMERICAL PERFORMANCERESULTS

In the following, the performance of the FD-TPA scheme is
evaluated and compared to that of non-cooperative trasgmis
and the optimal centralized (OC) TPA solution.

As in the analysis in Section Ill, quasi-static Rayleigh-fad
ing is assumed. All link lengths are normalized with respgect
the distance between source and destination,d,g.;=ds p.

We choose a path-loss exponentpet 3. The average 5|gnal-
to-noise ratio (SNR) of the source-destination link, dedads
%,s—D, Serves as a reference in the sequel. The locations of
source and destination are set(te0.5,0) and (40.5,0), re-
spectively. The links within the CR network are assumed to
have a channel memory length 6k v =9 and an exponen-
tially decaying power profile, according @& x v /55 xy =
exp(—l/cp), where we choose;,:=2. As an example, we
assume thafV, =5 relays are available with position(§, 0),
(0,+£0.2), and (0,£0.4). For simplicity, all nodes within
the CR network are assumed to have identical physical prop-
erties. To this end, we set} , = o7 iz, =: o5 for all in-

"To this end, the conditional event probabilities and theditional CDFs in
(9) would have to be averaged over the source transmit p&yethe interfer-
ence powetrQD and the relay transmit powef%,, utilizing the expressions
(21)-(23) for the corresponding PDFs.



10°f——0— e o o o o o accomplish the target SINR target ON its own, the participat-

ing relays maximizep according to a best-effort strategy. As a
consequence, the FD-TPA scheme exhibits a better CCDF curve
for 4y,s—.p =5 dB (Case 2) than fof, s_.p =10 dB (Case 4),

as long asyp <14 dB.

N Noyp=10 The advantage of the FD-TPA scheme over non-cooperative
transmission is even more apparent in terms of the average ou
age pro_babllltyE{Pr{’YD <’7D,target}} = C(fYD,target)- Flg 31
shows C(p target) @S @ function of the distancé between

the primary system and the CR networky§_.p =5 dB,

N, =10, 20). As can be seen, the FD-TPA scheme substan-

=
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Nyp=20 RS

Average Outage Probability
=
o
L

, tially outperforms non-cooperative transmission. In igatar,

107 F while the average outage probability for non-cooperatiaag-

—6— Non-cooperative transmission missiorj remains close to one for the entire rangéwider con-

A FD-TPA scheme, simulation sideration (both forVy, =10 and Ny, =20), the average out-
- - - FD-TPA scheme, analysis e A g
| =#—0C-TPA solution, simulation age probqblllty_for the FD-TPA s_cheme decre_ases S|g_n|iycant
O T 8 8 10 12 14 16 18 20 with growing distancel. As earlier, the (semi-)analytical re-
d sults based on (9) are in good accordance with the simulation

Fig. 3. Average outage probabilig/(1D,sarger) for NON-cooperative trans- results. Finally, simulation results obtained for the ORAT

mission, the FD-TPA scheme, and the OC-TPA solution as a umatf the ~ SOlution (resulting from (5)) illustrate that the averagdaye
distance between the primary system and the CR network. EoFERTPA  probability of the FD-TPA scheme is, in fact, very close te th

scheme, dashed lines represent (semi-)analytical resultsreld by means of ; :
Monte-Carlo integration, whereas markers represent sifonlaésults. The optimum one (throughout the entire rangedf

curves for the OC-TPA solution were obtained by means of sitiais.
V. CONCLUSIONS
dicesie {1, ..., N,} and choose (normalized) maximum trang" tt_h|s p_?g:r' a;;ully d?centrlallzed (FtD()j transT_n pov(\;t.-:‘ﬁr:a(l;
mit powers ofPs max = Pr,.max := 1 for the source node ang cation ( i ) ﬁc eme for re ?y-asss €d cogniive-radi Xb q
the relays. Finaly, we sef, =10 dB andyp_yarge; = 10 dB. s_ystems in the presence of an active primary narrowban
As discussed earlier, we assume that the average trang[j has been considered and its performance has been ana-

' ) o FWY&d. The FD-TPA scheme maximizes the signal-to-noise-

power %, employed by the primary transmitter is much large lus-interference ratio at the destination node of the CR ne

than the maximum transmit powers within the CR network. : T
an example we sey,_ — 10,000. Consequently, the primary. ork according to a best-effort strategy, while limitingeth

transmitter needs to be located at some distance from the rference experienced by the primary receiver. Nuraéric
; formance results have shown that the FD-TPA scheme ac-
network, in order to allow for secondary spectrum usage.rAs X

. : - mplishes substantial performance improvements ovefr non
example, we consider different positio(®s d+10) and (0, d) cooperative transmission. Moreover, its performance leas b

of the primary transmitter and receiver, respectively. teei- shown to be close to the optimal centralized TPA solution.

mutrE Su:ﬂ mt;zrfe(;enﬁe rigvt\;er toleratteg tbyt;[he ptﬂmary re”(;elz&ve For future work, decentralized multi-hop solutions will be

Z)r:amepl?a v?/:a siog—,(s) 6)1” FinZIEIXFt)t?g t?angwigtrharaﬁ;Sbn(;t%véerﬁiﬁgres'[ing’ so as to further improve performance (esfigcia

the primary link and the CR network is setge=0.1. All sim- when the primary system is close to the CR network).
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