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Abstract—We address the issue of optimal transmit power allo- [I. SYSTEM MODEL AND PROBLEM FORMULATION

cation in relay-assisted cognitive-radio (CR) systems. In partic- . . :

ular, we assuyme that the ?requency ba(nd ghoysen for unligensed We consider a fe'ay'?‘$s'3ted \/_\/Ideband or UWB CR system that
spectrum usage is not completely unoccupied, but contains oneiS based on code-division multiple access (CDMA). The seurc
or more licensed narrowband users. For such a setting, we de- destination node paif¢(D) is assisted by, perfectly synchro-
velop distributed transmit power allocation schemes, which opti- nized (in time and frequency) relay nodes (i € {1,..., N\ }),

mize the performance of the CR system, while at the same time the \yhich are equipped with mutually orthogonal spreading sode

interference experienced by the licensed users is limited. Numeri- ; P P
cal performance results illustrate that notable improvements com For simplicity, all nodes within the CR system are assumed to

pared to non-cooperative transmission are achieved by our pro- €mMploy a single omni-directional antenna.
posed schemes. The number of primary users residing within the frequency

band of the CR system is in the sequel denoted\gy The

bandwidthBy, occupied by primary usér; (j € {1,..., N, })
. INTRODUCTION is assumed to be small compared to the bandwigith of the
CR system. The bandwidth ratiBy, /Bcr is in the sequel

ECENTLY, the concept of cognitive-radio (CR) systemy e by;. The maximum sum interference power tolerated

has attracted considerable interest in the wireless cofy- ... . h
munications community [1]. While traditionally spectrum-us y primary usetJ; is in the following denoted by;.

; . : The channel impulse response (CIR) associated with a cer-
age has been organized according to fixed frequency plansgﬁq— link X — Y frcF))m one ngdeX té angther nod&’, where

fined through government licenses, CR systems are enviio o ; .
to take advantage of unused or partially occupied bands ing)r}zga{g’])’ Ry, Ry, Up, .., Un, }, is in the following de
adaptive and unlicensed fashion, thus allowing for a more 0) (Lx.v) 1T

ficient spectrum utilization. To this end, CR systems will re hxy = [hX,Y’ o bx v I )

quire spectrum-sensing capabilities, based on which thiy Wyerer, |, denotes the corresponding channel memory length.

adjust key transmission parameters such as operatingsinegu Moreover, we define the CIR energy
o )

and radiated transmit power. In particular, CR capabditi

will be relevant for ultra wideband (UWB) radio systems [2], Lxv )
which have been approved by several regulatory bodies droun axy = Z |h§<)y|2. (2)
the world for unlicensed spectrum usage in (parts of) the 3.1 =0 '

10.6 GHz band. _ _

In order to limit the interference experienced by licensegince the bandwidth®y, have been assumed to be compar-
(‘primary’) users, CR systems will naturally operate at pam atively small, all links associated with the primary usere a
atively low transmit powers. For UWB devices, for examplén the sequel modeled with a channel memory length of zero
the Federal Communications Commission (FCC) has defindequency-flat fading). The system model under considearat
a spectral mask which explicitly limits the permitted tranits is illustrated in Fig. 1, for the exampl, =2 and .V, =1.
power level [3]. Correspondingly, in order to guarantee i ce Throughout this paper, a quasi-static scenario is corsiter
tain quality of service, (cooperative) relaying technisiappear The destination nod® is assumed to have perfect knowl-
to be very attractive [4]-[7], since by this means relagnekrge edge of the CIR%is p andhg, p associated with the source-
distances between transmitter and receiver can be covered. destination linkS — D and the relay-destination link&; — D

In this paper, we address the problem of cooperative reldy< {1, ..., N, }), respectively. Similarly, each relay nofg is
ing in CR systems for the case that the frequency band chosesumed to have perfect knowledge of the Giz:,. Further-
for unlicensed usage is not completely unoccupied, but canere, it is assumed that the source node and each relay node is
tains one or more primary users. In particular, we establiskvare of the channel power gains
distributed transmit power allocation schemes, whichrojzie
the performance of the CR system, while guaranteeing that a asy. = |h(s% |2 or aRr, Uy, = |h§f_)Uv\2 3)
certain pre-defined maximum interference level experigiige Y T v B
the primary users is not exceeded. Numerical results preseryssociated with its own links in direction of the primary tse
confirm that notable performance improvements in compagi-. (j € {1,...,Np}). This requires some network acquisition

Sgg etg Qcohnérti]oeosp.)eratlve transmission are achieved by our p{)ﬁase while the primary users are sensed to be transmitting.
The remainder of this paper is organized as follows: In Sec- o

tion 1I, the system model and the optimization problem undéx Transmission Protocol

consideration are introduced. Starting from the optimatied- The transmission protocol under consideration consista/of

ized solution, several (suboptimal) distributed transpaver orthogonal time slots. Within the first time slot, the sounode

allocation schemes are developed in Section Ill, and their p

formance is assessed in Section IV. Finally, conclusioes ar!we assume that the primary users operate in a time-divisioreB{fDD)
drawn in Section V mode. In order to estimate the channel power gains from thesggrengths
’ received from the primary users, the (average) transmit pafethe primary
users must be known. This appears to be a reasonable assunspimndue
TThis work was supported by a postdoctoral fellowship fror @erman to the fixed frequency plans within the licensed spectrurs kriown which
Academic Exchange Service (DAAD). primary systems will operate in the frequency band under denation.
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(b) — . Fig. 2. Graphical illustration of the optimization proble6),(for the example
Average transmit power N/ =Np=2. Thefeasible region foPr , andPg, is shaded. The level curves
of yp are marked by dashed lines. The corresponding gradientnis@en
byg = [ar,,D; @r,,p]T /02 . Moreover, the parametees ; are given by
B L= Frequency cij =& /(Pj @R U;)-
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interference power experienced by each primary user resmain
Fig. 1. (a) System model under consideratiof &2 relays andV, =1 pri- ~ smaller than the pre-defined maximum interference pawer
mary user), (b) corresponding interference scenario intfguncy domain.  The optimal (centralized) transmit power allocation gyt
thus results from the following linear optimization profle
which can be solved using standard linear programming meth-
S broadcasts a coded message to the relay niedesRy, and ods, such as the well-known simplex algorithm [8, Ch. 4]:
the destination nodB, while the transmit powePs is adjusted

such that all interference constraints are met, i.e., 1 N/
maximize p = Pr,ar,p +Psasp 6
pj Psasu, <§; (4) ! 3D ; 7 ©

for all j € {1,..., Np}. Furthermore,Ps is limited by some N,

maximum available transmit powéfs ..x. Each relay node subiect to p; Pr,or,u, <& forallje{l,..,N,}

. ) . . J Pj R; &¢R;,U; >G5 J yeeey 4Vp

is assumed to employ a Rake receiver which performs optimal P

maximume-ratio combining (MRC) of the signal received from _ ,

the source node. All relays that receive the coded messadbe wi Pr, < PR; max foralli € {1,..., N},

an MRC output signal-to-noise ratio (SNR) of _ ) o

whereo? |, denotes the noise variance at the destination node

 Psagp, S ) and Pr; max the maximum available transmit power of relay
TR - iR, b R;.2 The above optimization problem is illustrated in Fig. 2.
whereo? , denotes the noise variance at relay nBdend-;;, I1l. DISTRIBUTED TRANSMIT POWER ALLOCATION

denotes some threshold value, are assumed to decode the Jegrder to solve (6), a central network node is required.(e.g
sage without any errors. Theag < N, relays then broadcastie destination node or one of the relays) which needs to be
a short beacon signal, so as to inform the other relays and re ofall (equivalent) channel power gaing, p andag, v,
destination node that they will participate in the upcomiag G e {1, N}, j€{l,...N,}). After comptjting thelbpjti-
laying process. Within the second time slot, thi¥; relays that .o soiiition! the central node would then forward the rasylt
have decoded successfully re-encode the message andsimyli,smit power levels to the participating relay nodes. i©bv
neously retransmit it using the orthogonal spreading calles ,g|y: this requires a lot of overhead, since each relay figde
destination node finally performs optimal MRC of the S'Q”aﬁeeds to communicate its own channel power gainsp and
received from the source node and thigrelay nodes, respec- ar,,u, to the central node. In the following, we therefore de-

tively. velop several (suboptimal) distributed transmit powescation
schemes, which do not require any further exchange of cthanne
B. Optimization Problem information.

Our design goal is to improve the overall MRC output SR
at the destination node according to a best-effort stratiégy A. Fully Decentralized (FD) Transmit Power Allocation

order to establish a quick connection between source artd d ; ; :
nation node. Correspondingly, within the second time ¢iet f\.ﬁ/e start with a fully decentralized (FD) transmit power alo

: DA ; on scheme, which is performed solely by the relays. Based o
transmit powerg’g, of the participating relays shall be adjusteiI ; PN ;
such thatyp is maximized, under the constraint that the su e beacon signals, the numbiéf of the participating relays is

3 . ) ) , .
2Since the relays are equipped with orthogonal spreadings;odne-bit The maximum transmit power levely; max (i€ {1, ..., N;}), the maxi
beacons are sufficient in order to be able to identify theigipating relays. Mum interference poweis;, and the parameteys; (j €{1,..., Np}) are as-
Throughout this paper, we assume that the beacons are m%;qjeotected us- sumed to be known throughout the CR network. In contrast & the term
ing some low-rate channel code, so that they can be receiligblyehroughout  Ps as p in the objective function of (6) is irrelevant for the regoff solution

the entire CR network. and does not need to be known throughout the CR network.
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known throughout the CR network. Moreover, each relay no@e Distributed Quasi-Optimal (QO) Power Allocation

R; was assumed to be aware of the channel power gains; Next, we propose a quasi-optimal (QO) distributed transmit

associated with its links in direction of the primary users  power allocation scheme for the case of congenerous primary

Correspondingly, each relay can adjust its transmit poes| ysers, which also utilizes feedback from the destinatiotieno

according to (similar to the above LF scheme).

{ 19 }} The relay nodes again start with the FD transmit power allo-
’ (7

PR,:= min { PR, max, min cation (7), and the destination node measures the corrdsmpn

jefl,...No} | pj Ny ar,, Uy MRC output SNRs
By this means, it can be guaranteed that each primary user exp P o
riences a sum interference power of at mgstithout any fur- YD, = Rl (11)
ther interaction between the relays. (In the special ¢gse- 1 On,D

and¢;/(p1N)or,,u,) < Pr,max forall i € {1,..., N/}, each , )
relay will cause an interference power of exaclyN,.) More- € {1,..., N{}. (Again, we assume that these measurements are
over, it is guaranteed that the maximum transmit power avagenducted with arbitrary accuracy.) Having perfect knalgke

able at each relay is not exceeded. of the CIRshg, p (and the noise variance;. ), the destina-
o o tion node can determine the transmit power lekg| of each
B. Distributed Scheme with Little Feedback (LF) participating relay. Based on this, the destination nocencav

The performance of the above FD transmit power allocatié@itrieve some information about the values, v, -

scheme can be improved by allowing for some feedback fromLet R,,, (m € {1,..., N/}) denote a relay node which has

the destination node to the relay nodes. Based on this feedesen a transmit power level 8%, < Pr,, max- In this case,

back, the transmit powetBr, can then be adjusted during arit is known that

additional phase within the above transmission protocal. |

the sequel, we propose a distributed transmit power altotat P. — 0 (12)

scheme, which requires particularly little feedback (LFnf Bm = N!aR,, U.max

the destination node. o
The relay nodes start with the FD transmit power alloCyhere ag

tion (7), and the destination node measures the resulting o / -

all MRC output SNRyp. (Within the scope of this paper, We‘i(novyn t_hatPR,a < 9/(Nlbo‘f.‘m%1) ]Iolz a”.j €{1,..., Np}, the_

assume thatp, is measured with arbitrary accuracy.) Havin?es?]nat'ﬂn node can obtain the Tollowing worst-case edem

perfect knowledge of the CIRsg, p, the destination node then orthe valuesir,,.u; (j €{1, ..., Np}):

determines that relait;, which Is associated with the largest

m

. Uymax ‘= MaXje(1, . N, }1OR,,,U; }- Since it is

equivalent channel power gaitk, p, i.e., with the largest com- ~ o > 13
ponent within the gradient vectgr(cf. Fig. 2): HRom,U; * N!Pr, — HRom, U (13)
fi=arg max  {ow,pl ) Note that (13) holds with equality fgr—arg max, {ar,.u, }-

o In particular, in the special case of a single primary user

The destination node then computes the MRC output SNR (7' 1), the destination node is always able to retrieve the true
ro_ 2 value ofag,, u,.
b = (PR max ar,.0 + IS as.p) /o5 p ©) Now letR,,,/ 'denote a relay node which operates at the max-
which would result, if relayR; transmitted at the maximumimum available transmit powefr , max. In this case, the des-
possible power levelPr, .. (disregarding the interferencetination node simply adopts
constraints), while all other relays remain silent. vff >~p
results, the destination node sends a corresponding obhedbi
con to each of the participating relays (using the corregjpan
spreading codes in conjunction with a low-rate channel zode
signalizing which relay has been chosen to transmit at magj< {1, ..., N, }).
mum power. Upon reception of the beacons, the participatingBased on the above results, the destination node can now
relays then change their transmit power levels to solve the optimization problem (6), while replacing (sonfle o
the parameterar, uy, by the corresponding estimatés, v,

min{ PR, max, min {573}}, i=k and forward the resulting transmit power levels to the parti
Pr;:= ' j€{1,....Np}| Pj OR,,U; pating relay nodes. Since we always havg v, > ar, u,, the
0 else. resulting quasi-optimal solution will always meet the nfite-

(10) ence constraint posed within the original optimizationigbeon.
Thus it is still guaranteed that each primary user expeeigan
interference power of at mogt. Note, however, that the re- . L
sulting MRC output SNR might in general be smaller t D. Enhance.d Distributed §cheme Wlth Little Feedback (EI._F)
(and, possibly, even smaller thap), since due to the interfer- For the special case of a single or multiple congenerousgoyim
ence constraints, reldy; might not be allowed to transmit atusers, the LF transmit power allocation scheme introduned i
the maximum possible power levek, ... Finally, note that Section 1lI-B can be further improved, using similar ideas a
feedback from the destination node is only required, if tee n presented in Section I1I-C. To this end, the relay nodesragai
LF transmit power allocation (10) promises to be superidhéo Start with the FD transmit power allocation (7), and the idest
FD power allocation (7). If the relay nodes do not receive arign node measures the MRC output SNRRs; associated with
beacon signal from the destination node (i-g,,<7p), they the individual relays, cf. (11), as well as the overall MRGumu
S|mp|y retain the FD power allocation (7) SNRp. Based on the valueﬁ),i, it then determines the ap-

In the sequel, we focus on the case of congenerous primatied transmit power level®y, (i€ {1, ..., N/}). For each relay
users,i.e&i/p1 = ... = &N, /pN, = 0. R,, that has chosen a transmit power levelRaf < Pr,, max,

0

Nr/PRm/,max ’

C~¥R /,Uj - m/ U (14)

m’>

i
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it then computes the corresponding vatug,, v max, accord-
iNg to ar,, U max =0/(N/Pg,,), cf. (12). Finally, from these
relays the destination node determines that r&aywhich is
associated with the largest MRC output SNR which would
result, if relayR;, transmitted at the maximum possible powe
level

40

—t— Direct transmission

—— Relay-assisted, FD scheme
—~— Relay-assisted, LF scheme

—<— Relay-assisted, ELF scheme
O Relay-assisted, QO scheme

isted, optimal

35

®

30

Rel
Relay

. 0
PRk = min {PRk,maxa } ) (15)
Ry,U,max Q
while all other relays remain silent. H{,>~p results, the
w

destination node again sends a corresponding one-bit bea
to each of the participating relays, signalizing which yetas
been chosen to transmit at the maximum possible power. Cc
pared to the LF transmit power allocation scheme presentec
Section llI-B, the enhanced scheme takes the interferemte ¢
straint into account when determining the ‘best’ relay. Btor
over, it avoids to choose a relay that already transmits et t
maximum available transmit powetr, max, Which can only
deteriorate the overall MRC output SNR{<~p).

12 14 16

0
1/cnzlin dB

Fig. 3. Performance of different distributed transmit powkrcation schemes.
Depicted is the overall average MRC output SERyp } in dB versusl /o2 in
dB (Ny =20, Pmax=1, 1, =10dB, Np=1, £ =0.1, p; =0.5). Solid
In the following, the performance of the above distributeshs- lines:zp=0; dashed linesxz, =5.

mit power allocation schemes will be assessed for varioes sc

narios. In particular, we will compare it to the performarnde

direct transmissioniz, =0 for all i€ {1, ..., N, }) and the per- A. Single Primary User

formance of the optimal centralized transmit power allimrat _ _ . .

In the sequel, all link lengths are normalized with respedp start with, we consider the case of a single primary user
to the distance between the source node and the destinalidp=1). Fig. 3 depicts the performance of the different dis-
node (cf. Fig. 1 (a)). Correspondingly, the locations of thigbuted transmit power allocation schemes in terms of theg-0
source node and the destination node are s¢t-tb5,0) and all average MRC output SNEE{yp} as a function ofl /2.
(4+0.5,0), respectively. The relay nodes and the primary useFao different scenarios are considered:

are assumed to have random positions within square-shaped @ The relays and the primary user are found within the same
eas of side length.8, according to a uniform distribution. The square-shaped area,(=0, solid lines)

center points of the two areas are givenby0) and(zy, 0), re- (i) The area with the primary user is located at some digtanc
spectively. Throughout this section, we assume a fixed &iyer (z, =5, dashed lines).

numbe( OfN.r =20 relay node;._ can be seen, the proposed distributed transmit poweraallo
For simplicity, all nodes within the CR network are assumeg),'schemes yield significant performance improvemenés ov

to have identical physical properties. To this end, we set  gjiract transmission, especially if the primary user is tedaat
some distance from the CR network. Interestingly, alrehey t

IV. NUMERICAL PERFORMANCERESULTS

Ps max = PR, max = -+ = PRy, ,max =% Prmax (16) fully decentralized (FD) scheme significantly outperfordis
rect transmission, even for the worst case where the relays a
and the primary user are found within the same arga=0). More-
02— = — g2 — 52 (17) over, forz, =0 the distributed schemes using little feedback
n,D nRy T Ry n from the destination node (LF scheme/ ELF scheme) are able

to accomplish further performance improvements. In paldic

the performance of the ELF scheme is already very close to the

¥ptimum. If the primary user is located at some distance from

he CR network ¢, =5), the performance of the FD scheme,

Re LF scheme, and the ELF scheme are virtually the same.

Finally, the performance of the distributed quasi-optilg@@D)

scheme is virtually the same as that of the optimal centdliz

transmit power allocation scheme, both fgr=0 andz, =5

I (over the entire range df/o2).

p (_a Fig. 4 depicts the performance of the distributed transmit
power allocation schemes resulting for different maximum
transmit power levels of the CR network (=1). As can be

1€{0,..., Lx v}. Throughout this section, we choosg:=2. seen, the relative performance of the different transmitgyo

Additionally, we choose a path-loss exponent of two, so asadflocation schemes remains more or less unchanged. In par-

account for different link lengths. All simulation resulpse- ticular, significant performance gains over direct trarssion

sented in the following have been averaged over 1,000 randare retained for all power level,,,., under consideration. For
locations of the relay nodes and the primary users, while 1@@v power levels, e.gPy.x=0.1, the performance of the FD

All transmission links are assumed to be subject to quasiest
Rayleigh fading. While the links associated with the prima
users are modeled by frequency-flat fading, the links withéx
CR network are modeled by frequency-selective fading withy
channel memory length dfx v =9 and an exponentially de-
caying power profile, according to

l
E{(IROy P

XY D e (18)
E{|niy 12}

statistically independent channel realizations per apatn-
stellation have been generated for each transmissionMok-
malization is done such th&fas p}=1.

scheme is already close to the optimum. For large powerdevel
the slope of the different performance curves becomesrathe
flat, due to the imposed interference constraint.
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—<— Relay-assisted, ELF scheme H
O Relay-assisted, QO scheme

20(;

q Relay-assisted, optimal
e e e r

E{y,} indB
E{VD} indB
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Direct transmission
Relay-assisted, FD scheme
Relay-assisted, LF scheme
Relay-assisted, ELF scheme
Relay-assisted, QO scheme
Relay isted, optimal

Bk

0 L L L _5 L L L
2 2 3
Maximum transmit power level P oax Number of primary users Np

Fig. 4.  Performance of the distributed transmit power aliocaschemes Fig. 5. Performance of the distributed transmit power aliocat
as a function of the maximum transmit power lev@l.x, resulting for schemes as a function of the numh¥}, of primary users, resulting for

1/62=10dB (N:=20, % =10dB, Ny =1, &1 =0.1, p; =0.5, zp =1). 1/02=15dB (Ny=20, Pmax=1, 14n =10 dB, £;=0.1 andp; =0.5 for
allje{1,..., Np}). Solid lines:z, =0; dashed linesx, =5.

Further simulation results not presented here indicatehiea V. CONCLUSIONS
performance gains over direct transmission become evea mor | : X i _
significant when the parameter is reduced and/or when theln this paper, several suboptimal distributed transmit goal-
maximum interference powes tolerated by the primary userlocation schemes for relay-assisted cognitive-radio oets/
is increased. Moreover, it was found that the performance iffi the presence of a single or multiple primary users have
provements over direct transmission tend to be notablyetard€en developed. Numerical results have shown that all pro-
when the path-loss exponent is increased. Furthermore, B@sed schemes accomplish significant performance improve-
performance improvements over direct transmission teniegto Ments over direct transmission. In particular, for the calse
grade gracefully, when the threshold SN, is increased. congenerous primary users a distributed quasi-optimasirét
Moreover, for larger values of;;,, the performance of the FD power allocation scheme has been developed, which offers a
scheme is already fairly close to that of the optimal ceizteal Performance that is very close to that of the optimal ceized|
transmit power allocation. solution. Moreover, our proposed (enhanced) LF schemie-util
ing little feedback from the destination node achieves foper
) ) mance which is still fairly close to the optimal one. Futurerkv
B. Multiple Primary Users might yield more sophisticated solutions for the case oftimul
For simplicity, we focus on the case of congenerous primaple non-congenerous primary users, so as to further approac
users here, i.e§1/p1 = ... = {n, /pn, =: 0. As can be seen the performance of the optimal centralized power allocatio
in Fig. 5, if the primary users are found within the same area
as the relaysaf, =0, solid lines), the performance of the above REFERENCES
schemes degrades significantly wh¥p increases. Still, no- [1] S. Haykin, “Cognitive radio: Brain-empowered wirelessnamunica-
table performance improvements over direct transmissien a  400s."IEEE J. Select. Areas Commuol. 23, no. 2, pp. 201-220, Feb.
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