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Abstract—In this paper, we consider a relay-assisted wideband areas significant amounts of licensed spectrum are typicaH
cognitive-radio (CR) system under the assumption that there-  derutilized [4]. As a central feature, CR systems are eomsil
quency band chosen by the CR relay network for unlicensed sge 1 taxe advantage of unused or only partially occupied bands

trum usage overlaps with one or more bands dedicated to primgy . . . . ) n
(e.g., licensed) narrowband links. Our objective is to opthize the in an adaptive, dynamic, and unlicensed (‘secondary’)iéash

performance of the CR system while limiting the interferene in  thus allowing for a more efficient spectrum utilization [Sjo
direction of the primary receivers, without requiring any adapta- this end, CR systems will require spectrum-sensing caifiabil

tion of the transmitted signal spectra at the cognitive nods. Tothis  [6], [7], based on which they adjust key transmission parame
end, we study appropriate transmit power allocation (TPA) srate- a5 guch as frequency bands and radiated transmit power. Fo

gies among the cognitive relays. We first investigate the ojptal Lo . .
centralized (OC) TPA solution and show that it can be formulaed example, CR capabilities will be relevant for ultra-widetla

as a linear program. Since the OC-TPA solution requires a con (UWB) radio systems[9], which have been approved by regu-
siderable amount of information exchange between the cogtive  latory bodies around the world for unlicensed spectrumegag
nodes, we develop two distributed TPA schemes, namely (i) alfy  (parts of) the 3.1-10.6 GHz band [10]. In this paper, we faus
decentralized (FD) TPA scheme and (ii) a distributed feedbek- _wideband (or UWB) CR networks consisting of a possibly large

assisted (DFA) TPA scheme. The FD-TPA scheme aims at maxi- b £l t . f hort t 2
mizing the output signal-to-interference-plus-noise raib (SINR) at number of low-power transceivers Tor short-range transion

the destination node of the CR network according to a best-ért (0N the order of a couple of meters). Such a setup is relevant
strategy. It requires neither feedback information from the desti- for wireless sensor networks (WSNs) employed for monitprin
nation node nor an exchange of channel state information beteen  and control tasks, as well as for future personal area n&svor
the cognitive relays. The DFA-TPA scheme, on the other hand, (PANS), e.g., for wireless exchange of multimedia context b

utilizes feedback information from the destination node, n order ) lantons/ | ¢ d inheric devibe
to achieve a pre-defined target output SINR value, while mirmiz- ween laptops/personal Computers and peripheric devies.

ing the overall transmit power spent by the relays. Analytial and Order to achieve connectivity and to guarantee a certailitgua
simulation-based performance results illustrate that noéble per- of service for such networks, relaying techniques appeaeto
formance improvements compared to non-cooperative transis-  an attractive choice. Available relays can either be deeita
sion (i.e., without relay assistance) are achieved by the pposed o qpjtive relays, which do not disseminate any data of their

schemes, especially when more than two hops are considereld. ¢ ilv inacti itive devi that actel
particular, the proposed distributed TPA schemes typicaly per- own, ortemporarily Inactive cognitive devices that acteays

form close to the OC-TPA solution. to assist the current source—destination link.
Index Terms—Coghnitive radio, relaying, transmit power alloca- . The literature on re_lay"f]g techmques with explicit incorg-
tion, performance analysis. tion of CR concepts is still relatively sparse. In [11], thage

nitive idea was used to design spectrally efficient relayiray
tocols. Instead of allocating dedicated time slots to theys
. INTRODUCTION it was proposed that the relays sense for silent source nede p

HE CONCEPT of cognitive radio (CR) has recently a riods and use th? (_:erespondlng. vacant time SI.OtS for rrei‘_t;ayl
} ; . . .1n [12], the possibility was considered that unlicensedniog
tracted considerable interest in the wireless communica- : . . R
. . . . Ive relays might assist a primary source—destination, Istk
tions community [1]-[3]. Traditionally, radio spectrumage : ) o
4 . . .as to reduce the required number of primary retransmissions
has been organized according to fixed frequency plans definéd . R . )
. and exploit the resulting idle times for secondary transmis
through government licenses. However, spectrum occupanc e .
o : signs within the CR network. In [13], relay-assisted CR sys-
measurements have shown that within confined geographica . . : .
téms using smart-antenna techniques for interferencetiedu
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primary links. In particular, different transmission teéfues Throughout this paper, we will focus on a single point-taapo
were developed that limit the interference from the CR nekwolink between a cognitive source no8eand a cognitive des-
to the primary receivers. tination nodeD. To this end, we assume that an appropriate
In this paper, we consider a wideband relay-assisted mpktwork protocol is employed, which manages the communi-
tihop CR system consisting of a cognitive source—destinatication within the CR network and selects the current source—
node pair and multiple cooperating cognitive relays. Simib destination node paif-D, e.g., based on the transmission
[17], [18], we assume that the frequency band chosen by theffer states of all cognitive transceivers. In the follogij we
CR relay network overlaps with one or more bands dedicateddssume that the selected source—destination nodeS+Riis
primary narrowband links and address the problem of optimegdsisted byV, cognitive relay node®; (i = 1, ..., N,), which
transmit power allocation (TPA) among the cognitive relayare either dedicated relays or close-by, temporarily imacbg-
Our objective is to optimize the performance of the CR systemitive transceivers. Throughout this paper, we assumettleat
while limiting the interference experienced by the primeey frequency band chosen by the CR relay network for unlicensed
ceivers, without requiring an adaptation of the transmitti®- spectrum usage (fully) overlaps wifj, active primary narrow-
nal spectra at the cognitive nodes. First, we investiga®fit band point-to-point links, which may, for example, reprase
timal centralized (OC) TPA solution and show that it can bgireless local area network (WLAN) links in the vicinity dfe
formulated as a linear program. As will be seen, a major dra@R relay network. A couple of further assumptions employed
back of the OC-TPA solution is that it requires a considezabthroughout this paper are listed below:
amount of information exchange between the cognitive nodes i
(similar to the transmission technique proposed in [18hick ¢ CR réelay network:The CR relay network is assumed to
might be costly and difficult to achieve in practice. We there P& based on code-division multiple access (CDMA). The
fore develop two distributed TPA schemes: (i) a fully decaint N; relay nodes are assumed to employ mutually orthog-
ized (FD) TPA scheme and (ii) a distributed feedback-asdist ~ ©n@l spreading codes while being perfectly synchronized
(DFA) TPA scheme. The FD-TPA scheme aims at maximiz- N t|me_and frequency. We assume that the source node
ing the output signal-to-interference-plus-noise raBt\R) at transmits a large number of short messages using a low
the destination node according to a best-effort stratemyss duty cycle (as it is typical for, e.g., WSN applications),
to establish a quick connection between source and déstinat ~ S© that multihop transmissions can be accommodated in
It requires neither feedback information from the destorat the time domain without causing a critical rate loss. For
node nor an exchange of channel state information between th  SimPlicity and practical relevance, all nodes within the CR
cognitive relays. If feedback information from the destioa network are assumed to employ a single omni-directional
node is available, the DFA-TPA scheme is able to utilize this anténna. The maximum transmit powers available at the
feedback, in order to achieve a pre-defined target outpuRSIN ~ Source node and the relay nodes are in the following de-
value, while minimizing the overall transmit power spenthg noted ass, max ANAPR, max (i=1, ..., Ny), respectively.
relays. A thorough performance analysis as well as sinarati  * Primary links: The index set associated with all pri-
based performance results illustrate that notable impneves mary transmitters is denoted ai,™ C {1,...,2N,}
compared to non-cooperative transmission are achievedeoy t (|lI;(,tX)|::Np). The remaining primary nodes, denoted
proposed schemes, especially if more than two hops aredzonsi by index setl[érx) ={1, ..., 2Np}\ﬂétx), are assumed to
ered. Moreover, it is demonstrated that the proposed blig&d
TPA schemes typically perform close to the OC solution. Itis

worth noting that, in principle, the proposed distributeldAT The bandwidthsBy, . occupied by the primary nodds,
schemes could be employed in any relay-assisted wirelass sy (j=1,....2N,) are jassumed to be small compared tJo the
tem which aims to limit its interference to other systemswHo band\;vid7tthR of the CR system. The bandwidth ratio
ever, our schemes seem to fit best into a CR framework, where for primary nodeU; is denoted by, := By, /Bcr < 1,

functionalities like spectrum sensing and radio-scendyaiza and the maximum sum interference power tolerated by

are intrinsic pre-requisites [2] the jth primary receiver {€ ")) is denoted by;. Fi-

The remainder of this paper is organized as follows: In Sec- v th : fthe ori .
tion 11, the system model and the optimization problem under nally, the average transmit powers of the primary transmit-

consideration are introduced. Starting from the OC somytio ~ €rsU; (j € I;™) are denoted a#y,. We assume that
the distributed TPA schemes are developed in Section lla-An ~ £U; > P5 max @nd Py, > Pr; max for all 4, j. _
lytical and simulation-based performance results areemtesi ~ * Channel modelWe assume quasi-static channel condi-
in Sections IV and V, respectively, and the benefits of the pro  tions.  The channel impulse response (CIR) of a cer-
posed TPA schemes in comparison with non-cooperativetrans @n link X—Y from one nodeX to another nodeY

be receiving. We assume that™ and I{™ remain
fixed during the entire transmission of the CR network.

mission are highlighted. Finally, some conclusions areiolex (X,Y € {5,D,Ry,...,Rn,, Uy, ..., Usn, }) is denoted as
in Section VI. hxy = [AL, ..., hgf_ij’Y) |T, whereLx y denotes the
corresponding channel memory length. Moreover, we de-
[I. SYSTEM MODEL AND PROBLEM FORMULATION fine the channel energyx .y = lL:xO,Y |h§?Y|2‘ Since
A. Assumptions the bandwidthsBy, are assumed to be comparatively

We consider a wideband (or UWB) CR network consisting small, all links associated with the primary nodes are
of a (large) number of low-power cognitive transceiver reode for simplicity modeled with a channel memory length of
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Fig. 1. Left: System model under consideration, for the gxanof two hops, two relays/{; =2), and a single active primary linkl; — Us.
Corresponding interference scenario in the frequency doma

Right:

zero. The variance of the additive white Gaussian noise primary nodesU; are sensed to be transmitting [2], [6],
(AWGN) process at cognitive nod€ after despreading [7]. In this context, we assume that the primary links em-
(assumed identical for all cognitive nodes) is denoted as ploy time-division duplex (TDD) and that the primary
0121,\( := NoF Bcr/Nsp, WhereN represents the single- transmitters and receivers change their roles every now
sided noise power spectral density,the receiver noise and then. Moreover, it is assumed thaiy, = au,; s
figure, andNj, the spreading length used by the CR sys- and agr,,u; = au,r, for all indicesi=1,..., N, and
tem [19, Ch. 13.2]. j=1,...,2N,, which is reasonable for primary systems
o Mutual interference:lt is assumed that the interference  operating in a TDD mode. Finally, we assume th%]t)
caused by a transmitting cognitive node appears at ando? |, (or o7, +0?2 ) are perfectly known at the desti-
the primary receiver¥/; (j € I\™) as AWGN with vari- nation node. '
ancep; Pxax,u;. When receiving, the cognitive nodes « Control signaling:The multihop relaying protocol intro-

are assumed to employ simple despreading for interfer-
ence suppression (rather than more sophisticated filtering
techniques). Correspondingly, the primary interference

duced in the following subsection requires the relays and
the destination node to broadcast some control informa-
tion in the form of short acknowledgment (ACK) signals.

Throughout this paper, we assume that ACK signals are
sufficiently protected using some low-rate channel code,
so that they can be received reliably throughout the CR

power appears at cognitive nodleas AWGN with vari-

anceoﬁY = NLsp Zjeﬂr()tx) PUjan,Y [19, Ch. 132]

Side information:We assume that the maximum trans-

mit powersPgr, max (i=1, ..., ;) of the cognitive relays, network.

the average transmit poweid; (jel[étx)) of the pri- The system model under consideration is illustrated in Ejg.
J

mary transmitters, as well as the maximum sum intef@" tWo hops,N; =2 relays, and one active primary link.
ference powerg; and the parameteys (j=1,...,2/V,) ) _

are known throughout the CR network. This appears & Multihop Relaying Protocol

be reasonable, since due to the fixed frequency plans @ke employed transmission protocol consistsiéf,(,+1) or-
sociated with primary spectrum usage it is known whictmogonal time slots, wher&,,.. denotes a pre-defined max-

systems will operate in the frequency band under coimum number of relaying phases. Within the first time slot,
sideration. The destination node is assumed to havethe source nodé& broadcasts a message to the relay nodes
destination Iin.kst-—>D (:=1,...,N;). Similarly, each pj Psasu, <& forall j € yr(fx);
relay nodeR; is assumed to have perfect knowledge of
& }}
tice, this will require an initial training phase, beforesth
actual transmission phase can start. Furthermore, itTise destination node and each relay node are assumed to em-
: _1.(0) 2 _1.(0) 2 2TDD is becoming increasingly popular and has been adoptetieasnly
channel energiess,u, = |hS,Uj| and QR;,U; = |hRi.,Uj| or one possible option in, e.g., IEEE 802.11 WLAN systems thedChinese
o A - - | employed in future fourth-generation (4G) systems, dugstdléxibility with
an initial radio-scene analysis phase, while the differergard to asymmetric data traffic in uplink and downlink diien [22].

Pj @s,U;

Ps := min {Ps,max, min { Q)

jers™

perfect knowledge of the CIRRs p and hg, p associ- Rj,...Ry, and the destination nod® while the transmit power
ated with the source—destination lifk-D and the relay— Ps is adjusted such that all interference constraints areireet,
the CIRhg r. and the CIRshg , r, associated with the

links from the other relay®,; (i’ #1) to itself. In prac-

assumed that based on built-in radio-scene-analysis fupfoy a Rake receiver, which performs optimal maximum-ratio
tionalities the source node and the relays are aware of the

associated with their own links in direction of the primarghird-generation (3G) cellular standard TD-SCDMA (stangdior time-division
nodesU; (j=1,...,2N,), respectively. This will require and synchronous CDMA) [20, Ch. 24], [21]. Moreover, TDD ikely to be
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combining (MRC) of the signal received from the source nodgu € {1, ..., Njax—1}) , i.€.,
In the following, letyp denote the (overall) MRC output SINR no
per information bit at the destination node«lf exceeds a cer- YD = Ys—D + Z YR—D,n = VD, targets (4)
tain pre-defined target SINR valyg ¢arcet after completion of n=1

the source transmission phase, i.e., the relaying process is stopped by the destination nodedbroa
casting a corresponding ACK signal. Otherwise, the abowe pr
— " > YD targets (2) cess is repeated until either all relays have once forwatttked
%%ipto%ip message from the source node to the destination node orghe pr
defined maximum number of relaying phas®¥s,., is reached.
the destination node broadcasts a short ACK signal to infofgpte that since we have assumed quasi-static channel condi-
the source node and the relay nodes that an additional nglayigns during a large number of transmitted source messtges,
phase is not required. Otherwise, the relaying processtis inset of relay nodes participating in a particular relayingugh
ated. All relays that have received the message from th&sougjl stay the same over the entire time horizon under comside

- _ Psasp
YD = Ys—D =

node with an MRC output SINR per information bit of ation.
B  Psasp, - 3 C. Optimization Problem
TR TSR oln +02n T Tt S practice, wireless relays are often simple devices witma

ited battery power. Correspondingly, our design goal iscto a

where ~;, denotes some threshold SINR value, are agomplish the pre-defined target output SINB target at the
sumed to decode the message without any errors. Thégstination node, while minimizing the transmit powersngpe
N!, < N, relays then broadcast a short ACK signal, sy the relay nodes. Therefore, within théh relaying phase

as to inform the other relays and the destination node ti@€ transmit power#x, of the participating relays shall be ad-
they will participate in the upcoming relaying phaseln justed suchthatthe sum transmit powalov,n:=>_;cy,  Pr,

the following, let N/, denote the number of relays pariS minimized, under the constraints that

ticipating in the nth relaying phase 1(<n < Nuya.y), and (a) the overall MRC output SINRp at the destination node
let I,,C{1,..,N,} denote the corresponding index set. is larger than or equal t9p target (if possible)

Moreover, we defineygr_p, = Zidrm yr,—p, Where (b) the sum interference power experienced by each primary
YR, —D = Pr, ar, p/(0?p+02 ) and Pg, denotes the trans- receiverU; (j € lll(fx)) within that relaying phase remains
mit power of relayR;. fhroughout this paper, we assume that ~ smaller than the pre-defined maximum interference power
each available relay forwards the message from the soud® no ~ &;»

at most once, so as to save battery power. Within each rejayiff) the transmit power of each active relay (i € I,,,) does
phase, the transmit poweF, of the participating relays have ~ not exceed the maximum valu&; i ax.

to be chosen such that the interference constrgintwe met In the sequel, letp , denote the MRC output SINR at the
at all primary receivery;, j € III()”‘). Now, within the first re- destination node that is accomplished afterelaying phases

laying phases{=1, second time slot) tha"’ , relays re-encode (70,0 := ¥s—p). Assuming thatyp 1 < VD targer, the oOpti-

r)

the message using the orthogonal spreading codes and sirfl@l (centralized) transmit power allocation (TPA) stratégus
taneously retransmit it, and the destination node perfarms "esults from the following linear prografh:

timal MRC of the corresponding received signals, respeltiv L
i ' P = Pg, 5
Thus, we haverp =7s_—.p+7r—p,1. While theN/, <N, re- e Hhewn ‘621: . ®
ey ) . 3 r,n
lays are retransmitting the message from the source nodedur ’ 1
the f@rst relaying _phasez(: 1), the remaining{\fr—]\fr’,1 re_la_\ys subject to  YR-Dw = —5———5— Z Pr, ar, D
can improve their own MRC output SINRg, by combining 9ip T %D i€l

the corresponding received signals, respectively (simdlahe

. . . . Z VD, target — VD,n—1;
destination node). Thos¥, , < N,— N/, yet inactive relays,

which meet the threshold SINR, after the initial N} ; relays Pj Z Pr, or,u, <& forall j € I§™;
have completed their transmissions, first broadcast a i@t i€len
signal, so as to inform the other nodes within the CR network Pr;, < PRr; max forallie I, ,.

(similar to the first relaying phase). Then they simultarsbpu
retransmit the successfully decoded message from theeso
node within a second relaying phase={2, third time slot).

The second relaying phase is in turn utilized by the destinat
node, in order to improve the overall MRC output SINR, as

well as by the still inactive relays to improve their own MR
output SINRsyg,. If the target MRC output SINRD target “4Ideally, it would be desirable to conduct a joint optimigatifor all relay-

at the destination node is reached aftersthth relaying phase ind phases. However, since the TPA in relaying phasefiuences the set of

active relays in relaying phase+ 1, such a joint optimization is not directly

feasible and defies the design of a simple power allocatiberse as pursued

3Since the relays are equipped with orthogonal spreadingssahe-bit ACK  in this paper. Correspondingly, within the scope of thisguage focus on the
signals are sufficient for identification of the participatirelays. optimization of each individual relaying phase.

The above optimization problem is illustrated in Fig. 2 {lef
H&nd side), for the case f, ,,| = 2 active relays. Obviously,
the existence of a feasible solution cannot always be guaran
teed. In the scenario depicted in Fig. 2, for example, theifea
C%)Ie region will be empty ifPr, max < ¢} andPr, max < ¢4 O if
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Fig. 2. Graphical illustration of the optimization problsrander consideration, for the example|6f ,, | =2 active relays andil[é"‘)|:2 primary receivers.
Left: Optimization problem (5). Right: Optimization preh (6). The feasible regions fdPz, and Pr, are shaded. The level curves of the respective
objective functions are marked by dashed lines. Paramgteis given byc; ; = &;/(p; aRi,Uj) and parametet; is given byc; = (vp,target —VD,n—1)

X (O’?D'FO'?LD)/O(R%D. Moreover, the corresponding gradient vectors for optatiin problem (5) and optimization problem (6) are giverghy=[—1, —1]7
andgs = [aRr, D, OCRQ»D}T/(O—?,D +037D), respectively.

¢y >min{cy 1,c12} andch, >min{ca 1, c22}. The solution of links. Correspondingly, only the transmit powers withire th
(5) can be found by means of well-established linear prograsecondary network are included in the optimization, wherea
ming techniques8. Note, however, that the standard Simplethe transmit powers associated with the primary links aesifix
algorithm [24, Ch. 4] cannot be used in this case, because Ties leads to a certain asymmetry in the problem setup, which
trivial solution Pr, =0 for all i € I, ,, does not lie in the feasi- is relevant for the development of the distributed TPA sceem
ble region. Yet, there are interior-point algorithms [25]nu- in Section Ill, but is absent in the related literature.
merical methods such as the Bilg-method and the Two-Phase
Simplex method [24, Ch. 4] that can be employed instead. D. Numerical Example

If a feasible solution of (5) does not exist, i.e., the tameét In order to illustrate the above problem setup, we consider
put SINR~YD target CANNOL be accomplished within the currerd UWB CR system with two active relay&cr =500 MHz,
relaying phase, it is useful to pursue a best-effort stsateg and N,, =20. In accordance with the Federal Communica-
order to maximize the MRC output SINR incremefi¢_.p,, tions Commission (FCC) spectral mask specified for UWB
under the given constraints (in anticipation of meetingtdre devices [10],[26], we set the maximum transmit powers of
get SINR in the next relaying phase). Correspondingly, we tuthe CR nodes taPx max =37 N\W (X € {S,R1,Ro}). We

to the following optimization problem in this case: assume that one active primary WLAN link; — Us is
1 found in the vicinity of the CR relay network, with paramester

maximize YDy = ———s— > Proar,p (6) Bu,,=20 MHz, p;2=0.04, and Py, =40 mW [20, Ch. 24].

9D T %n,D i€l The channel energyx v associated with a certain link—Y

(X, Y € {S,D,R1,Rs,U;,Us}) is modeled according to
ax,y:=Lg - (dy/dx y)", wheredx vy, Lo, andp denote the dis-
tance between nodé and nodéy, the reference attenuation for
a distance ofl, =1 m, and the path-loss exponent, respectively.

The above optimization problem is illustrated in Fig. 2 fitig !N the following, we setly=—50 dB andp=2 [27]. More-
hand side), again folf, ,,| = 2 active relays. Obviously, for OVer, we assumég, p=7m, dr, p =4 M, dy, p=50 m, and

(6) a feasible solution can always be found (e.g., by usieg tAR1, U2 =Ry, U, = 15 M. ) ) N
standard Simplex algorithm). Suppose, we want to hide the signals of the cognitive relays

Itis worth pointing out that there is a conceptional difiece  P€low the noise level of the primary WLAN receiver, which is
between the above optimization problems and other trans@ipund—95 dBm in practice (assuming/y = —174 dBm/Hz
power optimization problems considered in the literatufer @nd a noise figure of dB) [20, Ch. 3.2]. To this end, we
example, in [23] the transmit powers of a setflinks are WanF to choose the transmit powers of thg relays such that
optimized based on the SINR observed on each link, where B interference power observed at the primary WLAN re-
links influence each other, i.e., each link has an impact en fiver does not exceed, sag;=—100dBm. If both re-
considered objective function. In our problem setup, the sddys employ the maximum transmit pOWek, max =37 "W

ondary network is supposed to be transparent to the primgrvfm)’ the resulting interference power at the primary
LAN receiver is —98.8 dBm. Correspondingly, at least
5For specific classes of linear programs, closed-form smistcan be found. gne of the relays needs to choose a transmit power smaller

A pre-requisite for this is that all inequality constraimsolved can be guar- . .
anteed to be met with equality in the optimum solution [23pr Enhe linear than Pr; max- Now suppose, we require an SINR incre-

programs considered here, this pre-requisite is not valid. ment of yr—p,, =3 dB, in order to achieve the target SINR

subject to P Z PRi QR;,U, < é.j for aﬂj c Elng);
[ASY
Pr;, < PR, max forallie I ,.
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value vp arget @t the destination node. For the consideredking the given interference and maximum transmit powar co
example, one obtainsﬁD + 02, = —80.76 dBm (again as- straints into account. By this means, a quick connection be-
suming a noise figure of dB). Correspondingly, the trans-tween source and destination node can be established. | Recal
mit powers of the relays should be chosen such that in ttit the interference caused by cognitive rékayappears at pri-
{Pr,, Pr, }-plane the point Pz, , Pr, ) lies either on or above mary receiveiU; as AWGN with variance; Pr, ar, u,;. Now,

the straight line going through the poiris=(0 W, 26.8nW) based on the ACK signals broadcasted by the relays (cf. Sec-
andP’=(82.0nW, 0 W). Similar to the scenario depicted intion 11-B), the numberN/ ,, of relays participating in theith

Fig. 2 (left hand side), the optimal point that minimizessen relaying phase is known throughout the CR network. More-
transmit power of the relays is given 8. The corresponding over, each relay node; is assumed to be aware of the channel
interference power experienced by the primary WLAN reaeivenergiesyr, v, associated with its own links in direction of the

is —103.22 dBm. ThereforeP represents a feasible solution Obrimary receiverdJ; (j eﬂérx)).ﬁ Correspondingly, each relay

the optimization problem (5). can adjust its transmit power level according to
. : &
ll. DISTRIBUTED TRANSMIT POWER ALLOCATION Pgr; = min { PR, max, min {7 N ()
S jElTélx) Pj Ny n OR;,U;
CHEMES

o ) ) (similar to (1)). By this means, it can be guaranteed thaheac
In order to solve the optimization problem(s) introduce8€t- rimary receiver experiences a sum interference power of at
tion II-C, a central network nod€ is required (e.g., the desti-most ¢, without any further interaction between the relays.
nation node or one of the relays) which needs to be awarepgf; eXampIe, in the special case of a single primary receiver
all channel energiesr, p andar, v, (i € I, j € llr(fx)). (lll}grx)|:1) ande; /(pN?, ar, u,) < Pr,.max foralli € I, ,,
After computing the optimal solution, nodewould then for- o5ch relay will cause an interference pc;wer of exa@tWVr/n-
ward the resulting transmit power levels to the particiigti \oreover, due to the outer minimization in (7) it is guaraute
relay nodes. Obviously, this requires a significant amotint @5t the maximum transmit power available at each relay s no
signaling overhead, since each relay n®jeeeds to commu- gyceeded.

nicate its own channel energies, p andar, u, (j € lII(fX ) o )
to the central nod&. This might be costly and difficult to B- Distributed Feedback-Assisted (DFA) TPA Scheme

acquire in practice, especially when a larger number ofyeelaDifferent from the FD-TPA scheme, the DFA-TPA scheme aims
is available. In the following, we will develop two distrited to approach the target SINR valyg a.get rather than exceed-
transmit power allocation (TPA) schemes, which do not neguiing it in the last relaying phase. The DFA-TPA scheme is sim-
any further exchange of channel information between the cdgr to the optimal centralized (OC) solution discussedheat t
nitive nodes: (i) a fully decentralized (FD) scheme and gii) beginning of this section. In the DFA-TPA scheme, the destin
distributed feedback-assisted (DFA) scheme. tion node assumes the role of the central node, howeveputith
As pointed out by one of the reviewers, an alternative apaving complete knowledge of all channel energies. In pafti
proach to find distributed solutions for convex or linearioptlar, since the destination node knows only the channel éeerg
mization problems is to employ the dual decomposition méthor..p (¢ € I;.»), cf. Section II-A, it requires estimatess, u,
[28]. The basic principle is to decompose the primary op®f all channel energiesg,,u; associated with the links from
mization problem into several sub-problems, which are tamip the active relays to the primary receivejg(][pf"))_ Employ-
by a so-called master problem. Thus, each network node oitly these estimates, the destination node can then dermin
needs to solve a (local) sub-problem. The master problemais approximation of the OC solution based on (5) and (6) and
finally solved by a special master node. A drawback of the difged back the resulting transmit power levefs to the partici-
decomposition method is that it requires the exchange of dpating relay nodes (using the corresponding spreadingscode
variables between network nodes — often in an iterativeiéash in conjunction with a low-rate channel code), which then re-
This leads to a considerable amount of feedback informatiemijust their transmit power levels accordingly. The chajke
even if the individual nodes require only local channel infa- here is to guarantee thak, v, > ar,u, holds for allie II, ,
tion. In contrast to this, the distributed TPA schemes died 5 ; e I$™, so that the resulting DFA solution always meets
here require very little interaction between the involvetWork e interference constraints posed by the original opéiion
nodes. Although our approach is somewhat more heuristic tha o pjem.
the dual _decomposition method, it appears to be justifieth®y t The pasic idea for obtaining the required estimaigsy, is
near-optimum performance of the proposed schemes, as V@ffollows: Initially, the active relay nodes start with ahtly

ified by the analysis in Section IV and the numerical resulfgogified version of the FD-TPA solution (7), according to
presented in Section V.

0
) Pr, = min{ PR, max, min { —_ }
A. Fully Decentralized (FD) TPA Scheme ' ' jer LV, or, U,

Assuming that no feedback information from the destination ] 0

node is available, our design goal can only be along the bhes = min | PR, max; N o v [ (8)
optimization problem (6), i.e., the MRC output SINR increthe o

~Yr—D,» Shall be maximized according to a best-effort strategySin Section V, we will relax this assumption to a certain exten
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TABLE |
COMPARISON OF DISTRIBUTED TRANSMIT POWER ALLOCATIONTPA) scHEMES(TSEESECTIONIII, FSEESECTIONSIV AND V).

TPA Scheme Design goal Feedback from Outage Energy
destination’ performance! consumption’
Fully decentralized (FD) maximize output SINRJ1 no feedback close to optimal rather high
increment at destinatio centralized solution
Distributed feedback-assistgfl aim at target output | feedback of real-valued| close to optimal low
(DFA) SINR at destination transmit powers centralized solution
where transmit powers at the relays can be re-adjusted in an itastan
b min, 0 {6} neous fashion. In other words, the acquisition time reqifioe
e o o] conducting measurements at the destination node and gendin
7€y the feedback information to the relays is assumed to be small
and compared to the time horizon under consideration. In practi
QR Umax = max {ar, v, }- the TPAs within earlier relaying phases should first reaelir th
jeny™ steady state values, before the transmit powers for laring

Note that (7) and (8) coincide in the case of a single primary Phases are adjusted.
ceiver or multiple congenerous primary receivers (£g=: & The main characteristics of the FD-TPA and the DFA-TPA

andp; =: p for all indices; € ™). Moreover, it is easy to schemes are summarized in Table I.

prove that the transmit powef%;, according to (8) are always
smaller than or equal to the transmit powers of the origifal F IV. PERFORMANCEANALYSIS

TPA solution (7). Therefore, it is still guaranteed that keac

primary receiver experiences a sum interference power of & desirable to have analytical EXpressions that allotouwss-

most¢;. The destination node then measures the correspondifig> the performance of the proposed distributed TPA scheme

MRC output SINRSy, —.» = Pr, ar, n/(02p +02 ) asS0ci- and highlight their advantage over non-cooperative trassm
i—D — i is i,D n,D

ated with the individual relayR; (i € I, ,,). Having knowledge Sio" (I-€-. without relay assistance). However, evalgatire
of the channel energies:, » and the variances?,, ando> performance of the proposed TPA schemes while taking a wide

the destination node then determines the transmit por\lx(/I()at ley2riety of channel conditions into account requires avegg
Pr, of each participating relay. over alarge number of random variables. Qur objgctlve iethe
Now, based on (8) it is known that fo_re_ to reduce the ngmber of random vanal_ales involved to_a
minimum by performing most of the averaging steps analyti-
] cally. We achieve this goal for the case of the FD-TPA scheme
Pr, = N R Umax and a single relaying phas¥/(,.. = 1) and derive an expression
e for the cumulative distribution function (CDF) of the ovra
which holds with equality if and only iPg, < Pr, max- There- MRC output SINRyp at the destination node, while treating the
fore, for each relayR; the destination node can compute ahannel energiess p, asr,, ar, D, as,u,, O, U, (jeEI()rx)),
Worgt-case~estimate for the/corresponding ValHe y max ac- au, r,, anday, p (jellétx)), cf. Fig. 1, as statistically inde-
cording t0ar,,u,max =0/ (Ny , Pr:) 2 OR;,Umax. Moreover, pendént random variables. As will be seen, the analysisturn
since it is known thatvr,; U max > ar,,u; for all j Eﬂl(fx). the out to be rather involved, which is mainly due to the consid-
destination node can employ the same worst-case estimategi@d transmission protocol, according to which relayinges
all valuesar, u; (jel[é“‘)), ie., formed only if the pre-defined target SINR valyg target 1S
not accomplished by the source—destination link alone. As a
result, our final expression requires the numerical evilnaif
integrals, since closed-form expressions do not seenbieasi
In the following, we consider a single active primary link
In particular, if Pr, <Pr;max and only a single pri- (™)~ ™ =1) for simplicity. For convenience, we drop
mary receiver is presenflfy”|=1), the destination node the indexn=1 for the relaying phase in the sequel. The in-
is always able to retrieve the true value ofz, u, (as dex set associated with the active relays is denotefl, as=
OR, U; = OR;,Umax @R, U max=0/(N],, Pr,)). The des- {i;, o iir} € {1, ..., N;}, and the primary transmitter and re-
tination node has now obtained suitable estimatgsy, for ceiver are denoted ds;, and U,y, respectively. Finally, the
all indicesi€ I, ,, andj € I\™. The DFA-TPA solution can bandwidth ratio associated withix and U, is denoted ag
thus be determined based on (5) and (6), while replacing #@d the maximum tolerated sum interference powe;.asAs
parametersyg, uy, with the corresponding estimateés;, ;,, an gxample, aII_ tran_smissiop Iinl&é.—> Y. are assumed to. be
and the resulting transmit power leve§ ~are fed back to the subject to quasi-static Rayleigh fading, i.e., the chacoeffi-
participating relay nodes. For simplicity, we assume that tcientshg?Y (l=0,..., Lx,y) are independent complex Gaussian

QR;,U; ‘= OR;,U,max = 2> OR;U;- 9)

/
Nr,n PR«;
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TABLE II
OVERVIEW OF SPECIAL NOTATIONS USED FOR THE ANALYTICAL RESULS IN SECTIONIV.

[ Notation | Definition I
Lx,y 2
O1X,Y
WX, Y Wy X,y = H S B —
o XYy T O Xy
U #1
2 2 2 -1
VI, X—Y Nx-vy=Pxoixy (Uiyy+0n,y>
2 2 -1
1SR, HS R, IaSR< OiR; +UnR>
—T
Ciy Ciy = Nop(Puy00.u,,.v)
Ca,1,r,; C2,1,R; = Yth <PS Ul,S,Ri)
—Co 1 R o2 T
Kir, Kig; =e "2bf Tt <1 +C2,l,Ri/Cl,Ri)
o Ls p _ -1
Ko K, = ZZ:O wi,s,D €Xp (_’YD,target/’YZ,SﬁD)
Lx vy
OxX,Y PXY=D T WXy
—1
Kpg Kg =Ka <Ka<PS,D — 1)
Lr,p
; ; II II J.R;—D
W R, WiR, D= — =
LRi,D LRi,D irer{™ =0 Y R,—~D — V'R, —D
(@1 # (4,1)
_ 1 wy,s,D WA,R;,D
VLN i VN = — —
C3,0.0.R; Y1.5—D VAR, —D
C C =5 s
3,1, AR, 3,LA R = YA R;—»D — 71,8—D
—1
_ 2
Cax Cax = &x <P Uo,x,Ux-x>

random variables with zero mean and variangg .. We nor- Moreover, letC(®) (v | Ps, 02,) and
malize all channel energies; y with respect to a certain refer-

ence link lengthd,.;. Correspondingly, the channel variances O(ﬁﬁ>(7D|Ps, o{fD, Pr
oixy are modeled a8}y y := 7y y (dret/dx y)?, Where

oo PRy, )

denote the corresponding conditional CDFsgf given a fixed

With regard to the relaying process, we distinguish the fgfoUTCe ransmit powefs, a fixed interference powet’,, and
lowing two cases: ixed relay transmit poweiBg, , ..., Pr, , . Finally,letp, (Ps)

“M
() EventE(®): The source node is able to accomplish the d@Ndp2 (o) denote the probability density functions (PDFs) of
sired target SINRyp,target ON its own (cf. (2)), i.e., relay- Ps ando?p, respectively, and lgps (P, , ..., Pr,,, ) denote
ing is not required {s—.p > D sarget)- the joint PDF ofPg, ;.. PRI.M . With these def|n|t|ons the
(3) Event€®+): The source node is not able to accomplishverage CDF of the overall MRC output SINIR at the desti-
the target SINRyp target ON its own, and a relaying pro-nation node can be written as:
cess With]yr’g_Nr active relays is initiated. T.he number 00 Psmax
of all possible index seth, C {1,..., N;} of active relays () :/ / Pr{&® | Ps, o2}
0 0

is given byq): ZZ o (). Thenth index set i denoted

Lxy ~2
=0 Oix,y =1

asI™ (k€{0,...,1p — 1}), whereI{”) := 0. Fmally, the X C(Q) (70| Ps, 0ip) - p1(Ps) p2(op) dPs dotp
cardinality of mdex seﬂ(“) is denoted aﬂr“) |= P max 1 pric@ | p
Let Pr{€() | Ps, 0?7} andPr{€(+) | Ps} denote the condl— — Pri& | B0 ‘D})

tional probabilities associated with evefit*) and £(%+), re- Pry, max [ Pry,
spectively, given a fixed source transmit pow&rand a fixed X <Z/ . / Pr{5(5~) | Ps}
interference power?,: x=0"0 0

B5) (vp|Ps, 025, Pr.. , .., Pr,
Pr{g(a)|Ps,GED} xC (’YD| 5, 9i,D; Riyo o Riz\@.)

Pr{vs_’D Z YD target | s, 0'127]3}’ (10) X pS(PRil y ey PRiM ) dPRil T dPRiM )
Pr{€@) | Ps} = [[ Pr{rs—r. =7m|Ps} x , ,
ier(™ X pl(PS)p2(Ui,D) dPs dojp. (12)

H Pr{ys—r, <7%n | Ps}. (11) In the following, we provide closed-form expressions foe th
i conditional event probabilities (10) and (11), the corudfigl
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CDFs C@(yp|-) and C¥~)(yp|-), and the PDFsp;(.) wherew,s . is of form (14) and
(1=1, 2, 3). Special notations introduced in the sequel are sum-

marized in Table 1. Cir, := Nep/(Pu,.03 v, R,)-
A. Conditional Event Probabilities (10) and (11) Integration of (17) and evaluation of the resulting CDF at
The conditional event probability (10) can be expressed as #S:R: ="/ Fs yields Pon,
Pr{€®| Ps,0fp} = (13)  Pr {,USR <— } } Z WiS,R, (1 - Kl,Ri), (18)
. {a (oo o) . U?D} o
According to the Rayleigh-fading assumption, the moment- Kir, == e CziR; Uﬁ,Ri/(l +Cour,/CiR,)

generating function (MGF) ofis p is given by M, ,(s) =
L5P(1 — o2g )~ Invoking the residue calculus [29,20d C2.uk; i= Yin/(Ps s g,). Combining (18) with (16)
Ch. 10], the PDF‘paS (as.p) of ag,p can be determined asyields the desired closed-form expressionifof £ (%) | Ps}.

[19, Ch. 14.5]

Lsp
~ W,S,D as.p B. Conditional CDF(<) ) andC'(F) :
Das.p (aS,D) = Z ———exp | —— , (14) - - (FYD| ) . (’YD| ) o .
=0 z S,D 91,8,D Consider first the case of non-cooperative transmissien fio
relays are available. In this case, the PDRpf=v5_.p, given
where . . ) !
Lsp o2 a fixed source transmit powét and a fixed interference power
WS D = # o?p, at the destination node, is of the same form as (14). The
v o 918D 978D corresponding CDF can be calculated as
U1
. . . Lsp
Integration of (14) and evaluation of the resulting CDF at
05,0 =D tarse (02 02,/ Ps yiels CoctplP o) =2 wisp (1o (=770 )) - (19
Pr{&® | Py, afD} = (15) Next, consider the relaylng case)( where the source node is
Ls.p able to accomplish the desired target SINR;argec ON its own.
1-— Z WLS.D (1 — exp (_M)) By definition we haveyp =7s—p > VD target. Based on (19),
= 1,8—D we therefore obtain the following expression for the candél
CDF C® (yp | Ps, 024,):
where (| 7%, 07p)

2
. _ Psoisp O (yp|Ps,ofp) = (20)
Y1,S—D ‘= 2 5 - s

oiptonp

The conditional event probability (11) can be expressed as {1 + K, (Cm(

Pr{¥) | ps} = H <1—P1"{MSR <P
S

ier{

O fOI‘ YD < VD,targct
’7D|P87 0'127D) - SDS,D) for D > VD, target ’

Py }) h L Ls,p __ D, target -1 d L
whereK, := (>, wi,s,p exp X e andys p :=
Ls,p . .
Vth Yoo wis,p. Note that foryp <p targer the first inte-
X H Pr{”s R, <F ‘Ps}, (16) gral in (12) becomes zero, a&(® (yp|Ps,o?p) is zero for
gﬂ(m) T < VD, target- ] ] )
wheress  i=as v (o, +al.s,). The PDF ofas, i of - e et SR o5
the same form as (14) Moreover, we have P 9 Wtarget
own. For the special casg(), where no relay is able to decode
UiQ,RT; =Py, U, R, /Nsp the message from the source node corredﬂyt(llr(o) =0), we
with haveyp =7s_.p <7D target- We thus obtain the following ex-
pression for the conditional CDE(*) (vp | Ps, 02p,):

Pay,, r, (aUtx-,Ri) = 1/087Utx,Riexp(_o‘Utx=Ri/Ug,Utx,Ri)'

O (p|Ps,ofp) = (21)
Based on this, the PDF of r_ is given by {Kﬁ CocliolPs0p)  for 7 < 7D targer
Pus g, (,LLS,Ri) = 1 for D = VD, target ’
Ls g, )
. szri wis R, (Cigr, + ,US,RI»/UIQ,S.,Ri) C’i,m +1 whereK3:= K, /(Kops,p — 1). If a certain non-empty subset
b — o, (Cir, + psR, /07 s r,)? " C {1,..., N} of relays is able to decode the message from
5 the source node correctlyp is given byyp =7vs_p+Yr—D.
X eXp _nR,; HSR; ’ (17) While 7s—p < targer. Therefore, for a fixed source trans-
Ufs,Ri mit power Ps, a fixed interference powefﬁD at the destination
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node, and fixed relay transmit powefg, (ieﬂﬁ“)), the PDF

10

The PDFp; (07}, of the interference power

of vp can be calculated by convolving the constrained PDF of

~vs—p With the PDF ofyg _,p. The latter can be expressed as

LrpD . 7
WiR;,D R—D
Pygr— '7R—>D I e—
TRep z;) ; YR, —D ( %RﬁD) ’
i€l
(22)
where
Lr,D

B, = H H Yi,R;—D

ier™ =0 Y R,~D — 'R, —D
(3",1") # (3,1)

and% R;—D ‘= PR7 Ul R D/( 1D+0n D) For Slmp||CIty, we

have assumed in (22) thag, p =: Ly p for all iellr("). Inte-
gration of the resulting PDF finally yields the conditiondE

CP) (yp|Ps, 0t Pr,, o Priy, ) = (23)

Ls,pLr,p "D

5y zzvm[mﬁ@p( )-)

ieq ™ 1=0 A=0 YAR;—D
_ D
“aalen(-525) )
Y1,S—D
for D < VD, target

Ls,pLr,p

KoY D D v

ier™ 1=0 A=0

X [(%,Hi—»D — J1,5-D) (exp (— ) _ 1)

— YA,R;—D (eXp(CS,l,A,Ri VD, target) — 1
D ) }

X exp (—_7
Y\R;—D
for D 2 VD, target >

'YD,targct
Y,5—D

whereu i :=ws D WA R,,b/(C3,1.AR; V1,5—D YA R;—D) and
Csiar: =1/ ri—D — 1/%1.5-D-

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

Cus g
rz PR
C
p1(Ps)= + (1 — exp (-%) ) 80 (Ps— Ps max)
7 for PS < PS,max
0 for P> P&max,
(24)

whereCys = &/ (P05 5.u,,.) @Nddo(Ps— Ps max) denotes a
Dirac impulse atPs = Ps max. In order to arrive at (24), we
have used that the PDF af v, is given by

Pas.uy, (@8,0,,) = 1/00 5.0,.exXP(—08,U,.. /00 5.0, )-

If the interference constraint vanishes (i@s] sy, — 0), we
obtainp; (Ps) =d0(Ps — Ps,max), @S expected.

07p =P, U,.0/Nep
at the destination node is given by
_Cl,D Ui2,D

(25)
). Here, we have used that

pa2(ofp) =Cipe

WhereCLD = Nsp/(PUtx U(QJ.,Utx,D

Pay,, b (U, D)= 1/0'(2),Utx,D eXP(—aUtx,D/C’g,UtX,D)-

For the FD-TPA scheme, the individual relay transmit powers
Pgr, = min {Pr, max, &x/(p N} ar, . u,,)} are statistically in-
dependent. Correspondingly, the joint PDF of the relaysinaih
powers is given bys(Fg, ;- PRI’MN) = Hiel[,f'”') p3.i(Pr,),

whereM,, = |II§N) |=: N/. Similar to (24), one obtains
CuRr, exn [ CuiR,
04 R,
—|—<1 — exp (—7’ : ))
p3ai(PR11) = N;‘Pﬁi,max

X 50 (PR7 _PRi,max)
for PRi < PRi.,max
for PRi > PRi,mam
(26)
whereCyr, ==&/ (P03 g, v,.)- Again, we haveys ;(Pr,) =
do (PR7 _Pﬁi,max) for p Ug,Ri,Urx — 0.

0

D. Discussion

Based on the above expressions for the conditional evebt pro
abilitiesPr{£(®) |-} andPr{£(?) | . }, the corresponding con-
ditional CDFsC(®)(yp|-) and C%<) (yp|-), and the PDFs
p1(Ps), p2(ofp), andps i(Pr,), a closed-form evaluation of
the average CDE'(vp) of the overall MRC output SINRp

at the destination node, cf. (12), appears to be difficulth&n
following section, we will therefore apply Monte-Carlo éat
gration, in order to evaluat€'(yp) numerically. We note that
(12) is only valid if the random variable@ and Py, (i € I.™)

are statistically independent from the random variables,
asR,,» ORr;D, anday,, r.. This is the case for the FD-TPA
scheme, but not for the DFA-TPA scheme and the OC solution.
A corresponding extension of the above analysis therefore a
pears difficult. Moreover, for the DFA-TPA scheme and the
OC solution there are no closed-form expressions for tregyrel
transmit powers’z, as a function of the various system param-
eters (cf. Section II-C).

V. NUMERICAL PERFORMANCERESULTS

In the following, we evaluate the performance of the pro-
posed TPA schemes and highlight their advantage over non-
cooperative transmission (i.e., without relay assistand&e
start with semi-analytical performance results for the HPA
scheme, given a single relaying phadé.(.=1) and a single
active primary link (Section V-A). We also include simutait
based performance results so as to corroborate our anadysis
Section IV. Afterwards, we will present simulation-basea-p
formance results for the DFA-TPA scheme, as well as for the
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case of more than two hops and multiple primary transmitte
and receivers (Section V-B and Section V-C). 16
As in the analysis in Section IV, quasi-static Rayleigh feadi
is assumed. All link lengths are normalized with respechto t
distance between source and destination,d,g:;=ds p. The
average signal-to-noise ratio (SNR) of the source—destima -
link, denoted asy,s.p, serves as a reference in the seque’s o
Throughout this section, transmit powers are normalizetti Wi§
respect to the average received power of the source—distina E
link. The locations of source and destination node are set%3
(—0.5,0) and (+0.5,0), respectively. The links within the
CR network are assumed to have a channel memory lengtt o2
Lx y=9 and an exponentially decaying power delay profile
according to5?y /32 x v = exp(—l/cy), where we choose
¢, =2. Moreover, we choose a path-loss exponenp ef3. s
For simplicity, all nodes within the CR network are assume  _jg 5 0
to have identical physical properties. To this end, we s_.
onp = 0p g, = oy for all indicesie {1,..., N} and choose
identical maximum transmit powe&ymax — PRi,max —1 for Fig. 3. Average CCDFl1 — C_'('yD) of the overall MRC output SINR
the source node and the relays. Finally, we sgt=10 dB 7o & 1 desinaton node for diferent cascs (5 ralys, one ol
andp target = 10 dB. All simulation results presented in theo, d+10) and(0, d), respectively). Case o s_.p =5 dB,d=3, Ns, = 10;

following have been averaged oviér® to 10° statistically inde- €@se 2:70,s—p =5 dB, d=12, Nsp =10; Case 37y,s_p =5 dB, d=12,
Nsp=20; Case 4: 4ys—p=10 dB, d=12, N5, =10. Lines represent

pendent channel realizations. (semi-)analytical results obtained by means of Monte-iategration of (12),
whereas markers represent simulation results. Dashest lm@n-cooperative

A. Performance Results for a Two-hop FD-TPA Scheme an#iaasmission; solid lines: FD-TPA scheme.
Single Primary Link

As an example, we assume thgt=>5 relays are available with | the case of the FD-TPA scheme, plateaus withinC'(vp)

positions(0,0), (0,+0.2), and (0,+0.4). As discussed ear- gre due to the relaying process, since in those cases wieere th

lier, we assume that the average transmit paikgr employed source node is not able to accomplish the target SINR. et

by the primary transmitter is much larger than the maximugh, its own, the participating relays maximizg according to

transmit powers within the CR network. As an example we sgtyest-effort strategy. As a consequence, the FD-TPA scheme

Py, =10,000. Consequently, the primary transmitter needshibits a better CCDF curve fop, s_.p =5 dB (Case 2) than

to be located at some distance from the CR network, in orggf J0.s—p =10 dB (Case 4), as long ag, < 14 dB.

to allow for secondary spectrum usage. As an example, Werhe advantage of the FD-TPA scheme over non-cooperative

consider different position®, d+10) and(0, d) of the primary  yransmission is even more apparent in terms of the average ou

transmitter and receiver, respectively, while we vatyetween age probabilityE {Pr{yp <7D target } } = C(YD.sarget) (E{-}

1< d§ 20. The maximum sum interference power tolerated Ryenotes statistical expectatidn). Fig. 4 Sh(ﬁ(SYD,targct) as

the primary receiver is expected to be rather small. As an gtfunction of the distancé between the primary system and

ample, we sef, = 0.01. Finally, the bandwidth ratio betweenihe CR network (foo.s.p=>5 dB, 10 dB and Ny, =10, 20).

the primary link and the CR network is set/fe=0.1. As can be seen, the FD-TPA scheme substantially outperforms
Fig. 3 shows the average complementary CDF (CCDF) ghn.cooperative transmission, especially frs_.p = 10 dB.

the overall MRC output SINRp, 1—C(yp), resulting fornon- |y particular, for the FD-TPA schem@(1p qarget) decreases

cooperative transmission and the FD-TPA scheme, respétivignificantly with growing distance, whereas the average out-

for four different cases specified in the figure caption. Asloa age probability for non-cooperative transmission remaéte-

seen, the (semi-)analytical results (dashed/solid libasid on tjyely close to one for the considered rangedof As earlier,

(12) are in good accordance with the simulation results Kmakne (semi-)analytical results based on (12) are in goodracco

ers). Moreover, it can be seen that for all considered caggg,ce with the simulation results. We have also includedisim

the FD-TPA scheme substantially outperforms non-cooperat|aiion results for the optimum centralized (OC) solutiomjei

transmission, as the associated average CCDFs are lo@ed§ e that for the considered example the performanceeof th

nificantly further to the right. The performance of both non=p_1pa scheme is, in fact, very close to the optimum (for the
cooperative transmission and the FD-TPA scheme improkessjtire range ofl).

(i) the distancel between the primary system and the CR net-

work is increased, (i) the spreading length, is increased, or

(iii) the reference SNRj.s_p is increased. However, even foB- Performance Results for the DFA-TPA Scheme and more
0.5 =10dB andd =12 (Case 4), the probability that the tarthan Two Hops

get SINRYD target = 10 dB is accomplished by means of nonfor the time being, we again focus on the two-hop case and
cooperative transmission is only abdut4, whereas the cor- a single active primary link withf,, =0.01 and p=0.1. As
responding probability for the FD-TPA scheme is close to.onearlier, N, =5 relays with positions(0,0), (0,+0.2), and

0.8

0.4

Case 1

Case 2

=)
* O x +

10 15 20
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Fig. 4. Average outage probabili@(fyDytargct) for non-cooperative trans-
mission, the FD-TPA scheme, and the OC-TPA solution as atibmof the N ] . T

distance between the primary system and the CR networle(eifft SNR val- at the destination node in the case .Of non-cooperative rresson, the‘FD-
ues9o.s_.p and spreading lengthd.p: N: =5 relays, one relaying phase,TPA scheme, and the O(F-TPA solutiolV,(=5 relays, N, =1 primary link,
N, =1 primary link; primary transmitter and receiver located(@fd+10) 0,S—~D =5 dB, Nsp =10; primary tra_nsmltter and receiver _Iocatec(ﬁ}ﬁ)
and (0, d), respectively). For non-cooperative transmission andRReTPA and (.075)' respectively). Solid lines: one relaying phase; dasheet liwo
scheme, dashed lines represent (semi-)analytical resiiééned by means of relaying phases.

Monte-Carlo integration, whereas markers represent sitionl results. The

curves for the OC-TPA solution were obtained by means of kitimns.

Fig. 5. Average CCDA — C(vyp) of the overall MRC output SINRyp

are marginal. For the scenario wity =5 relays (cf. Fig. 5), it

. . . . found that the relati ins diminish alreadyXQ(., > 2
(0,£0.4) are assumed. Fig. 5 depicts simulation results f%,)v?;yi%l;npha:es e relative gains diminish already¥gr. >

the average CCDH —C(yp) in the case of non-cooperative . .
transmission, the FD-TPA scheme, and the OC-TPA solution,In practice, perfect knowledge of the channel energies;
respectively {o,s—.p =5 dB, Ny, =10). The positions of the andarg;,u, (j € I§™) in direction of the primary receiver might
primary transmitter and receiver were se{to15) and(0,5), be difficult to obtain. This problem can, for example, be sdlv
respectively. We note that the average CCDF of the OC-THRA multiplying the available estimatess,y, and ag,,u, of
solution exhibits a pronounced cliff around the target SINte channel energiess,y, andag,,u, by an appropriate in-
YD target- THiS illustrates that the OC-TPA solution aims to apgerference margin facto€argin >1. By this means, it can
proachnp target, Whereas the FD-TPA scheme tends to exced@ ensured that the interference constraints at the pringary
it. The average CCDF of the DFA-TPA scheme (not depictedgivers are met with a high probability, even if the avaiabl
is virtually identical to that of the OC-TPA solution, detspi estimatesis u, andag,,u, are smaller than the actual chan-
the incomplete knowledge of the channel energigsy,, at nel energies. As an example, Fig. 6 shows performance re-
the destination node. For the FD-TPA scheme, we have a®dts for the case, where all cognitive nodes employ anfeter
included the average CCDF resulting fof,.,. =2 relaying ence margin factor of',..qi, =10 (‘Case II'). For simplicity,
phases (dashed line), which illustrates that multinopyieta we have assumed thak v,, =as,u,, andar,,u,, =R, U,
indeed improves the outage performance in this case. for all indicesi € {1,...,N,}. As can be seen, as long as
Fig. 6 shows the average outage probabiifyyp (arec;) for the primary system is not too close to the CR network, the
non-cooperative transmission, the FD-TPA scheme, the DRpensidered TPA schemes still achieve significant perfooean
TPA solution, and the OC-TPA solution as a function of thinprovements over non-cooperative transmission (esiheiia

distanced between the primary system and the CR netwotke case of multiple hops). Given a single relaying phase, th
(Jo.s—p=>5dB, Ny, =10). Here, we have assumed that altoFD-TPA scheme leaves a somewhat larger gap to the DFA-TPA
getherN, =15 relays are available with positiorfs=2, £2), and the OC-TPA solutions than in the scenario without ieterf
wherem =0,1 andn=0, 1,2. Consider first the case labelle®ence MarginCumargin = 1), due to the more restrictive interfer-
as ‘Case I'. Given a single relaying phase (solid lines), ween €nce constraints.

that the presence a¥, =15 instead of N, =5 relays leads to  In order to highlight the differences between the FD-TPA
significant performance improvements (cf. Fig. 4). Ho¢ 5, scheme and the DFA-TPA solution, Fig. 7 shows the average
the performances of the FD-TPA scheme, the DFA-TPA soltransmit power spent by the individual relays as a functibn o
tion, and the OC-TPA solution are virtually the same. Secorttie relay position. As an example, we have focused on the case
as expected additional relaying phases offer further smtisi C',...in =1, d=5, and a single relaying phase. We first note
performance improvements, where the second relaying phsa relays which are far away from the source node are char-
(dashed lines) yields the largest relative gain. In thisvgxe, acterized by very small average transmit powers, sincedahey

it was found that the relative gains fof,.. > 3 relaying phases inactive with a high probability. In the case of the DFA-TPA
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Fig. 6. Average outage probabili@(»m’targct) for non-cooperative trans- Fig. 7. Ayerage transmit power spent kly the individual rel@y, :15 relays,
mission, the FD-TPA scheme, the DFA-TPA solution, and the TB® solu- ©One relaying phasey, =1 primary link, 59,5 ~p =5 dB, Nsp =10, |nterfer-l
tion as a function of the distance between the primary systeththe CR net- €NC€ MarGiCmargin = 1), for the case (?f the FD-TPA scheme (marked &y *
work (Ny =15 relays, N, =1 primary link, 59, s—.p = 5 dB, Nsp = 10; pri- and the DFlA-’TPA solution (marked by’). The position of the sourf:e’node is
mary transmitter and receiver located (@t d+10) and (0, d), respectively). Marked by ‘S’, and the position of the destination node iskediby ‘D. The
Case I: no interference Margitf,a,gin = 1); Case II: interference margin Primary transmitter and receiver are located®t15) and (0, 5), respectively
Crargin = 10. Solid lines: one relaying phase; dashed lines: two regatyir(”0t depicted).

phases; dotted lines: three relaying phases.

andag, v,,; in direction of the primary receiverg & 1,2,
solution, it can be seen that relays which are far away fram the {1,..., N,}). Fig. 9 depicts the average outage probabil-
destination node are on average assigned comparatively sit@ C (yp arget) fOr non-cooperative transmission, the FD-TPA
transmit powers, as the DFA-TPA solution takes the quality scheme, the DFA-TPA solution, and the OC-TPA solution as a
the R; — D links into account (via the feedback informatiorfunction ofd, for N, =5 and N, =15 relays (same positions as
from the destination node). Consequently, the DFA-TPA solearlier). Generally, the presence of a second primary syste
tion mainly utilizes those relays, which have approximateé leads to significant performance degradations for all sesem
same distance from the source and from the destination naslace (i) the interference stemming from the primary traibsm
whereas the FD-TPA scheme also utilizes those relays whielts becomes more severe and (i) the interference comtstrai
are close to the source node. Finally, we note that on avposed by the primary receivers become more restrictive aAis ¢
age the DFA-TPA solution requires substantially smalléaye be seen, in the case df. =5 relays the performance of the FD-
transmit powers than the FD-TPA scheme (as expected). §hiFPA scheme, the DFA-TPA solution, and the OC-TPA solution
even more apparent in Fig. 8, where the overall average-traigsvery similar. Interestingly, in the case df =15 relays the
mit power spent by the relays is depicted as a function of t#=A-TPA solution performs less close to the OC-TPA solution
distancel between the primary system and the CR network. Alan in the case of a single primary system (cf. Fig. 6). This
can be seen, if the primary receiver is located at some d@istais partly due to the assumption made in the DFA-TPA solution
fromthe CR network, i.e., if the interference constraimeslass that &, =min;{. ;} for both primary users (cf. Section Ill-
restrictive, the FD-TPA scheme entails a relatively langergy B). However, as can be seen in Fig. 9 this performance gap
consumption, whereas the energy consumptions in the casésatduced when a sufficient number of relaying phases is em-
the DFA-TPA and the OC-TPA solutions remain moderate. ployed (e.g.N... = 3 in this case).

C. Performance Results in the Presence of Multiple Active Pr VI. CONCLUSIONS

mary Links In this paper, two distributed transmit power allocatioPAJ

Finally, we consider the case where multiple active primasgchemes for relay-assisted cognitive-radio (CR) systantisd

links are present in the vicinity of the CR network. As an expresence of a single or multiple active primary links haverbe
ample, we focus on a scenario wifti, =2 primary systems developed, with the goal to optimize the performance of the
with &+« 1=0.01, &« 2=0.02, and p; =p2=0.1. As earlier, CR system, while limiting the interference experiencedtis t

the positions of the first primary transmitter and receiver aprimary receivers (cf. Table | for a summary of the proposed
set to(0,d+10) and (0, d), respectively. Similarly, the posi- schemes). Analytical and simulation-based performanee re
tions of the second primary transmitter and receiver aréosetsults have shown that both proposed schemes accomplish sig-
(0, —(d+10)) and (0, —d), respectively. Similar to Fig. 6, we nificant improvements over non-cooperative transmissésn,
assume that all cognitive nodes employ an interference mpecially when more than two hops are employed. In particu-
gin factor of Cy,argin =10 for the channel energiess v,, ; lar, it was shown that both schemes usually perform close to
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Fig. 9. Average outage probabili@’(-yD’targct) for non-cooperative trans-
mission, the FD-TPA scheme, the DFA-TPA solution, and theT®8. solution
as a function of the distanag of the primary systems from the CR network
(Np =2 non-congenerous primary linksg s_.p =10 dB, Nsp = 10, interfer-
nce margirCpargin = 10). Dark color: Ny =5 relays; light color: N, =15

(0, d+10) and (0, d), respectively). Solid lines: one relaying phase; dashe§@ys- Solid lines: one relaying phase; dashed linesettetaying phases.

lines: two relaying phases; dotted lines: three relayingses.

the optimal centralized TPA solution. Moreover, the dizited
feedback-assisted (DFA) TPA scheme was shown to effegtiv

achieve a low average energy consumption at the relays.
Future work might yield more sophisticated distributed TP,
schemes for the case of multiple (hon-congenerous) prim

systems and/or large numbers of available relays. Moreover

some work in the direction of a joint optimization of the indi
vidual relaying phases would be of interest. Finally, it \ebloe

interesting to study the impact of non-perfect channel Khow
edge and non-perfect measurements at the destination mode o

the performance of the proposed TPA schemes.
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