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Abstract—In this paper, we consider a relay-assisted wideband
cognitive-radio (CR) system under the assumption that the fre-
quency band chosen by the CR relay network for unlicensed spec-
trum usage overlaps with one or more bands dedicated to primary
(e.g., licensed) narrowband links. Our objective is to optimize the
performance of the CR system while limiting the interference in
direction of the primary receivers, without requiring any adapta-
tion of the transmitted signal spectra at the cognitive nodes. To this
end, we study appropriate transmit power allocation (TPA) strate-
gies among the cognitive relays. We first investigate the optimal
centralized (OC) TPA solution and show that it can be formulated
as a linear program. Since the OC-TPA solution requires a con-
siderable amount of information exchange between the cognitive
nodes, we develop two distributed TPA schemes, namely (i) a fully
decentralized (FD) TPA scheme and (ii) a distributed feedback-
assisted (DFA) TPA scheme. The FD-TPA scheme aims at maxi-
mizing the output signal-to-interference-plus-noise ratio (SINR) at
the destination node of the CR network according to a best-effort
strategy. It requires neither feedback information from the desti-
nation node nor an exchange of channel state information between
the cognitive relays. The DFA-TPA scheme, on the other hand,
utilizes feedback information from the destination node, in order
to achieve a pre-defined target output SINR value, while minimiz-
ing the overall transmit power spent by the relays. Analytical and
simulation-based performance results illustrate that notable per-
formance improvements compared to non-cooperative transmis-
sion (i.e., without relay assistance) are achieved by the proposed
schemes, especially when more than two hops are considered.In
particular, the proposed distributed TPA schemes typically per-
form close to the OC-TPA solution.

Index Terms—Cognitive radio, relaying, transmit power alloca-
tion, performance analysis.

I. I NTRODUCTION

THE CONCEPT of cognitive radio (CR) has recently at-
tracted considerable interest in the wireless communica-

tions community [1]-[3]. Traditionally, radio spectrum usage
has been organized according to fixed frequency plans defined
through government licenses. However, spectrum occupancy
measurements have shown that within confined geographical
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areas significant amounts of licensed spectrum are typically un-
derutilized [4]. As a central feature, CR systems are envisioned
to take advantage of unused or only partially occupied bands
in an adaptive, dynamic, and unlicensed (‘secondary’) fashion,
thus allowing for a more efficient spectrum utilization [5].To
this end, CR systems will require spectrum-sensing capabilities
[6], [7], based on which they adjust key transmission parame-
ters such as frequency bands and radiated transmit power. For
example, CR capabilities will be relevant for ultra-wideband
(UWB) radio systems1 [9], which have been approved by regu-
latory bodies around the world for unlicensed spectrum usage in
(parts of) the 3.1-10.6 GHz band [10]. In this paper, we focuson
wideband (or UWB) CR networks consisting of a possibly large
number of low-power transceivers for short-range transmission
(on the order of a couple of meters). Such a setup is relevant
for wireless sensor networks (WSNs) employed for monitoring
and control tasks, as well as for future personal area networks
(PANs), e.g., for wireless exchange of multimedia content be-
tween laptops/personal computers and peripheric devices.In
order to achieve connectivity and to guarantee a certain quality
of service for such networks, relaying techniques appear tobe
an attractive choice. Available relays can either be dedicated
cognitive relays, which do not disseminate any data of their
own, or temporarily inactive cognitive devices that act as relays
to assist the current source–destination link.

The literature on relaying techniques with explicit incorpora-
tion of CR concepts is still relatively sparse. In [11], the cog-
nitive idea was used to design spectrally efficient relayingpro-
tocols. Instead of allocating dedicated time slots to the relays,
it was proposed that the relays sense for silent source node pe-
riods and use the corresponding vacant time slots for relaying.
In [12], the possibility was considered that unlicensed cogni-
tive relays might assist a primary source–destination link, so
as to reduce the required number of primary retransmissions
and exploit the resulting idle times for secondary transmis-
sions within the CR network. In [13], relay-assisted CR sys-
tems using smart-antenna techniques for interference reduction
were investigated. In [14], the outage performance of relay-
assisted CR systems was considered, under the constraint that
the individual relays operate in unused frequency bands only
(‘spectrum holes’). For a similar scenario, efficient relaying
protocols have been proposed in [15], [16]. Finally, in [17],
[18] the scenario was investigated that the frequency band cho-
sen by the CR network for unlicensed spectrum usage is not
completely unoccupied, but accommodates one or more active

1So-called detection-and-avoidance techniques will become mandatory for
UWB radio systems in, for example, Europe [8] and Japan.
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primary links. In particular, different transmission techniques
were developed that limit the interference from the CR network
to the primary receivers.

In this paper, we consider a wideband relay-assisted mul-
tihop CR system consisting of a cognitive source–destination
node pair and multiple cooperating cognitive relays. Similar to
[17], [18], we assume that the frequency band chosen by the
CR relay network overlaps with one or more bands dedicated to
primary narrowband links and address the problem of optimal
transmit power allocation (TPA) among the cognitive relays.
Our objective is to optimize the performance of the CR system
while limiting the interference experienced by the primaryre-
ceivers, without requiring an adaptation of the transmitted sig-
nal spectra at the cognitive nodes. First, we investigate the op-
timal centralized (OC) TPA solution and show that it can be
formulated as a linear program. As will be seen, a major draw-
back of the OC-TPA solution is that it requires a considerable
amount of information exchange between the cognitive nodes
(similar to the transmission technique proposed in [18]), which
might be costly and difficult to achieve in practice. We there-
fore develop two distributed TPA schemes: (i) a fully decentral-
ized (FD) TPA scheme and (ii) a distributed feedback-assisted
(DFA) TPA scheme. The FD-TPA scheme aims at maximiz-
ing the output signal-to-interference-plus-noise ratio (SINR) at
the destination node according to a best-effort strategy, so as
to establish a quick connection between source and destination.
It requires neither feedback information from the destination
node nor an exchange of channel state information between the
cognitive relays. If feedback information from the destination
node is available, the DFA-TPA scheme is able to utilize this
feedback, in order to achieve a pre-defined target output SINR
value, while minimizing the overall transmit power spent bythe
relays. A thorough performance analysis as well as simulation-
based performance results illustrate that notable improvements
compared to non-cooperative transmission are achieved by the
proposed schemes, especially if more than two hops are consid-
ered. Moreover, it is demonstrated that the proposed distributed
TPA schemes typically perform close to the OC solution. It is
worth noting that, in principle, the proposed distributed TPA
schemes could be employed in any relay-assisted wireless sys-
tem which aims to limit its interference to other systems. How-
ever, our schemes seem to fit best into a CR framework, where
functionalities like spectrum sensing and radio-scene analysis
are intrinsic pre-requisites [2].

The remainder of this paper is organized as follows: In Sec-
tion II, the system model and the optimization problem under
consideration are introduced. Starting from the OC solution,
the distributed TPA schemes are developed in Section III. Ana-
lytical and simulation-based performance results are presented
in Sections IV and V, respectively, and the benefits of the pro-
posed TPA schemes in comparison with non-cooperative trans-
mission are highlighted. Finally, some conclusions are provided
in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. Assumptions

We consider a wideband (or UWB) CR network consisting
of a (large) number of low-power cognitive transceiver nodes.

Throughout this paper, we will focus on a single point-to-point
link between a cognitive source nodeS and a cognitive des-
tination nodeD. To this end, we assume that an appropriate
network protocol is employed, which manages the communi-
cation within the CR network and selects the current source–
destination node pairS–D, e.g., based on the transmission
buffer states of all cognitive transceivers. In the following, we
assume that the selected source–destination node pairS–D is
assisted byNr cognitive relay nodesRi (i= 1, ..., Nr), which
are either dedicated relays or close-by, temporarily inactive cog-
nitive transceivers. Throughout this paper, we assume thatthe
frequency band chosen by the CR relay network for unlicensed
spectrum usage (fully) overlaps withNp active primary narrow-
band point-to-point links, which may, for example, represent
wireless local area network (WLAN) links in the vicinity of the
CR relay network. A couple of further assumptions employed
throughout this paper are listed below:

• CR relay network:The CR relay network is assumed to
be based on code-division multiple access (CDMA). The
Nr relay nodes are assumed to employ mutually orthog-
onal spreading codes while being perfectly synchronized
in time and frequency. We assume that the source node
transmits a large number of short messages using a low
duty cycle (as it is typical for, e.g., WSN applications),
so that multihop transmissions can be accommodated in
the time domain without causing a critical rate loss. For
simplicity and practical relevance, all nodes within the CR
network are assumed to employ a single omni-directional
antenna. The maximum transmit powers available at the
source node and the relay nodes are in the following de-
noted asPS,max andPRi,max (i=1, ..., Nr), respectively.

• Primary links: The index set associated with all pri-
mary transmitters is denoted asII(tx)

p ⊆ {1, ..., 2Np}

(|II(tx)
p | :=Np). The remaining primary nodes, denoted

by index setII(rx)
p ={1, ..., 2Np}\II

(tx)
p , are assumed to

be receiving. We assume thatII(tx)
p and II(rx)

p remain
fixed during the entire transmission of the CR network.
The bandwidthsBUj

occupied by the primary nodesUj

(j=1, ..., 2Np) are assumed to be small compared to the
bandwidthBCR of the CR system. The bandwidth ratio
for primary nodeUj is denoted byρj := BUj

/BCR < 1,
and the maximum sum interference power tolerated by
the jth primary receiver (j∈II(rx)

p ) is denoted byξj . Fi-
nally, the average transmit powers of the primary transmit-
tersUj (j∈II(tx)

p ) are denoted asPUj
. We assume that

PUj
≫PS,max andPUj

≫PRi,max for all i, j.
• Channel model:We assume quasi-static channel condi-

tions. The channel impulse response (CIR) of a cer-
tain link X→Y from one nodeX to another nodeY
(X,Y ∈ {S,D,R1, ...,RNr ,U1, ...,U2Np}) is denoted as

hX,Y := [h
(0)
X,Y, ... , h

(LX,Y)
X,Y ]T, whereLX,Y denotes the

corresponding channel memory length. Moreover, we de-
fine the channel energyαX,Y :=

∑LX,Y

l=0 |h
(l)
X,Y|

2. Since
the bandwidthsBUj

are assumed to be comparatively
small, all links associated with the primary nodes are
for simplicity modeled with a channel memory length of
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Fig. 1. Left: System model under consideration, for the example of two hops, two relays (Nr =2), and a single active primary linkU1 → U2. Right:
Corresponding interference scenario in the frequency domain.

zero. The variance of the additive white Gaussian noise
(AWGN) process at cognitive nodeY after despreading
(assumed identical for all cognitive nodes) is denoted as
σ2

n,Y := N0FBCR/Nsp, whereN0 represents the single-
sided noise power spectral density,F the receiver noise
figure, andNsp the spreading length used by the CR sys-
tem [19, Ch. 13.2].

• Mutual interference:It is assumed that the interference
caused by a transmitting cognitive nodeX appears at
the primary receiversUj (j∈II(rx)

p ) as AWGN with vari-
anceρjPXαX,Uj

. When receiving, the cognitive nodes
are assumed to employ simple despreading for interfer-
ence suppression (rather than more sophisticated filtering
techniques). Correspondingly, the primary interference
power appears at cognitive nodeY as AWGN with vari-
anceσ2

i,Y := 1
Nsp

∑

j∈II
(tx)
p

PUj
αUj ,Y [19, Ch. 13.2].

• Side information: We assume that the maximum trans-
mit powersPRi,max (i=1, ..., Nr) of the cognitive relays,

the average transmit powersPUj
(j∈II(tx)

p ) of the pri-
mary transmitters, as well as the maximum sum inter-
ference powersξj and the parametersρj (j=1, ..., 2Np)
are known throughout the CR network. This appears to
be reasonable, since due to the fixed frequency plans as-
sociated with primary spectrum usage it is known which
systems will operate in the frequency band under con-
sideration. The destination nodeD is assumed to have
perfect knowledge of the CIRshS,D and hRi,D associ-
ated with the source–destination linkS→D and the relay–
destination linksRi→D (i=1, ..., Nr). Similarly, each
relay nodeRi is assumed to have perfect knowledge of
the CIRhS,Ri

and the CIRshRi′ ,Ri
associated with the

links from the other relaysRi′ (i′ 6= i) to itself. In prac-
tice, this will require an initial training phase, before the
actual transmission phase can start. Furthermore, it is
assumed that based on built-in radio-scene-analysis func-
tionalities the source node and the relays are aware of the
channel energiesαS,Uj

= |h
(0)
S,Uj

|2 and αRi,Uj
= |h

(0)
Ri,Uj

|2

associated with their own links in direction of the primary
nodesUj (j=1, ..., 2Np), respectively. This will require
an initial radio-scene analysis phase, while the different

primary nodesUj are sensed to be transmitting [2], [6],
[7]. In this context, we assume that the primary links em-
ploy time-division duplex (TDD)2 and that the primary
transmitters and receivers change their roles every now
and then. Moreover, it is assumed thatαS,Uj

= αUj ,S

and αRi,Uj
= αUj ,Ri

for all indices i=1, ..., Nr and
j=1, ..., 2Np, which is reasonable for primary systems
operating in a TDD mode. Finally, we assume thatσ2

i,D

andσ2
n,D (or σ2

i,D+σ2
n,D) are perfectly known at the desti-

nation node.
• Control signaling:The multihop relaying protocol intro-

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
network.

The system model under consideration is illustrated in Fig.1,
for two hops,Nr =2 relays, and one active primary link.

B. Multihop Relaying Protocol

The employed transmission protocol consists of (Nmax+1) or-
thogonal time slots, whereNmax denotes a pre-defined max-
imum number of relaying phases. Within the first time slot,
the source nodeS broadcasts a message to the relay nodes
R1,...,RNr and the destination nodeD, while the transmit power
PS is adjusted such that all interference constraints are met,i.e.,
ρj PS αS,Uj

≤ξj for all j ∈ II
(rx)
p :

PS := min

{

PS,max, min
j∈II

(rx)
p

{

ξj
ρj αS,Uj

}

}

. (1)

The destination node and each relay node are assumed to em-
ploy a Rake receiver, which performs optimal maximum-ratio

2TDD is becoming increasingly popular and has been adopted asthe only
or one possible option in, e.g., IEEE 802.11 WLAN systems andthe Chinese
third-generation (3G) cellular standard TD-SCDMA (standing for time-division
and synchronous CDMA) [20, Ch. 24], [21]. Moreover, TDD is likely to be
employed in future fourth-generation (4G) systems, due to its flexibility with
regard to asymmetric data traffic in uplink and downlink direction [22].
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combining (MRC) of the signal received from the source node.
In the following, letγD denote the (overall) MRC output SINR
per information bit at the destination node. IfγD exceeds a cer-
tain pre-defined target SINR valueγD,target after completion of
the source transmission phase, i.e.,

γD = γS→D :=
PS αS,D

σ2
i,D + σ2

n,D

≥ γD,target, (2)

the destination node broadcasts a short ACK signal to inform
the source node and the relay nodes that an additional relaying
phase is not required. Otherwise, the relaying process is initi-
ated. All relays that have received the message from the source
node with an MRC output SINR per information bit of

γRi
= γS→Ri

:=
PS αS,Ri

σ2
i,Ri

+ σ2
n,Ri

≥ γth, (3)

where γth denotes some threshold SINR value, are as-
sumed to decode the message without any errors. These
N ′

r,1 ≤ Nr relays then broadcast a short ACK signal, so
as to inform the other relays and the destination node that
they will participate in the upcoming relaying phase.3 In
the following, let N ′

r,n denote the number of relays par-
ticipating in the nth relaying phase (1≤n ≤Nmax), and
let IIr,n⊆{1, ..., Nr} denote the corresponding index set.
Moreover, we defineγR→D,n :=

∑

i∈IIr,n
γRi→D, where

γRi→D :=PRi
αRi,D/(σ

2
i,D+σ2

n,D) andPRi
denotes the trans-

mit power of relayRi. Throughout this paper, we assume that
each available relay forwards the message from the source node
at most once, so as to save battery power. Within each relaying
phase, the transmit powersPRi

of the participating relays have
to be chosen such that the interference constraintsξj are met

at all primary receiversUj , j ∈ II
(rx)
p . Now, within the first re-

laying phase (n=1, second time slot) theN ′
r,1 relays re-encode

the message using the orthogonal spreading codes and simul-
taneously retransmit it, and the destination node performsop-
timal MRC of the corresponding received signals, respectively.
Thus, we haveγD = γS→D+γR→D,1. While theN ′

r,1≤Nr re-
lays are retransmitting the message from the source node during
the first relaying phase (n=1), the remainingNr−N ′

r,1 relays
can improve their own MRC output SINRγRi

by combining
the corresponding received signals, respectively (similar to the
destination node). ThoseN ′

r,2≤Nr−N ′
r,1 yet inactive relays,

which meet the threshold SINRγth after the initialN ′
r,1 relays

have completed their transmissions, first broadcast a shortACK
signal, so as to inform the other nodes within the CR network
(similar to the first relaying phase). Then they simultaneously
retransmit the successfully decoded message from the source
node within a second relaying phase (n=2, third time slot).
The second relaying phase is in turn utilized by the destination
node, in order to improve the overall MRC output SINRγD, as
well as by the still inactive relays to improve their own MRC
output SINRsγRi

. If the target MRC output SINRγD,target

at the destination node is reached after then0th relaying phase

3Since the relays are equipped with orthogonal spreading codes, one-bit ACK
signals are sufficient for identification of the participating relays.

(n0∈{1, ..., Nmax−1}) , i.e.,

γD = γS→D +

n0
∑

n=1

γR→D,n ≥ γD,target, (4)

the relaying process is stopped by the destination node broad-
casting a corresponding ACK signal. Otherwise, the above pro-
cess is repeated until either all relays have once forwardedthe
message from the source node to the destination node or the pre-
defined maximum number of relaying phases,Nmax, is reached.
Note that since we have assumed quasi-static channel condi-
tions during a large number of transmitted source messages,the
set of relay nodes participating in a particular relaying phase
will stay the same over the entire time horizon under consider-
ation.

C. Optimization Problem

In practice, wireless relays are often simple devices with alim-
ited battery power. Correspondingly, our design goal is to ac-
complish the pre-defined target output SINRγD,target at the
destination node, while minimizing the transmit powers spent
by the relay nodes. Therefore, within thenth relaying phase
the transmit powersPRi

of the participating relays shall be ad-
justed such that the sum transmit powerPR,ov,n :=

∑

i∈IIr,n
PRi

is minimized, under the constraints that
(a) the overall MRC output SINRγD at the destination node

is larger than or equal toγD,target (if possible)
(b) the sum interference power experienced by each primary

receiverUj (j ∈ II(rx)
p ) within that relaying phase remains

smaller than the pre-defined maximum interference power
ξj ,

(c) the transmit power of each active relayRi (i ∈ IIr,n) does
not exceed the maximum valuePRi,max.

In the sequel, letγD,n denote the MRC output SINR at the
destination node that is accomplished aftern relaying phases
(γD,0 := γS→D). Assuming thatγD,n−1 < γD,target, the opti-
mal (centralized) transmit power allocation (TPA) strategy thus
results from the following linear program:4

minimize PR,ov,n =
∑

i∈IIr,n

PRi
(5)

subject to γR→D,n =
1

σ2
i,D + σ2

n,D

∑

i∈IIr,n

PRi
αRi,D

≥ γD,target − γD,n−1;

ρj
∑

i∈IIr,n

PRi
αRi,Uj

≤ ξj for all j ∈ II(rx)
p ;

PRi
≤ PRi,max for all i ∈ IIr,n.

The above optimization problem is illustrated in Fig. 2 (left
hand side), for the case of|IIr,n|= 2 active relays. Obviously,
the existence of a feasible solution cannot always be guaran-
teed. In the scenario depicted in Fig. 2, for example, the feasi-
ble region will be empty ifPR1,max<c

′
1 andPR2,max<c

′
2 or if

4Ideally, it would be desirable to conduct a joint optimization for all relay-
ing phases. However, since the TPA in relaying phasen influences the set of
active relays in relaying phasen+1, such a joint optimization is not directly
feasible and defies the design of a simple power allocation scheme as pursued
in this paper. Correspondingly, within the scope of this paper we focus on the
optimization of each individual relaying phase.
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Fig. 2. Graphical illustration of the optimization problems under consideration, for the example of|IIr,n|=2 active relays and|II(rx)
p |=2 primary receivers.

Left: Optimization problem (5). Right: Optimization problem (6). The feasible regions forPR1
andPR2

are shaded. The level curves of the respective
objective functions are marked by dashed lines. Parameterci,j is given byci,j = ξj/(ρj αRi,Uj

) and parameterc′i is given byc′i =(γD,target−γD,n−1)

× (σ2
i,D+σ2

n,D)/αRi,D. Moreover, the corresponding gradient vectors for optimization problem (5) and optimization problem (6) are given byg1 =[−1, −1]T

andg2 =[αR1,D, αR2,D]T/(σ2
i,D+σ2

n,D), respectively.

c′1>min{c1,1, c1,2} andc′2 >min{c2,1, c2,2}. The solution of
(5) can be found by means of well-established linear program-
ming techniques.5 Note, however, that the standard Simplex
algorithm [24, Ch. 4] cannot be used in this case, because the
trivial solutionPRi

=0 for all i ∈ IIr,n does not lie in the feasi-
ble region. Yet, there are interior-point algorithms [25] or nu-
merical methods such as the Big-M method and the Two-Phase
Simplex method [24, Ch. 4] that can be employed instead.

If a feasible solution of (5) does not exist, i.e., the targetout-
put SINRγD,target cannot be accomplished within the current
relaying phase, it is useful to pursue a best-effort strategy in
order to maximize the MRC output SINR incrementγR→D,n

under the given constraints (in anticipation of meeting thetar-
get SINR in the next relaying phase). Correspondingly, we turn
to the following optimization problem in this case:

maximize γR→D,n =
1

σ2
i,D + σ2

n,D

∑

i∈IIr,n

PRi
αRi,D (6)

subject to ρj
∑

i∈IIr,n

PRi
αRi,Uj

≤ ξj for all j ∈ II(rx)
p ;

PRi
≤ PRi,max for all i ∈ IIr,n.

The above optimization problem is illustrated in Fig. 2 (right
hand side), again for|IIr,n| = 2 active relays. Obviously, for
(6) a feasible solution can always be found (e.g., by using the
standard Simplex algorithm).

It is worth pointing out that there is a conceptional difference
between the above optimization problems and other transmit
power optimization problems considered in the literature.For
example, in [23] the transmit powers of a set ofN links are
optimized based on the SINR observed on each link, where all
links influence each other, i.e., each link has an impact on the
considered objective function. In our problem setup, the sec-
ondary network is supposed to be transparent to the primary

5For specific classes of linear programs, closed-form solutions can be found.
A pre-requisite for this is that all inequality constraintsinvolved can be guar-
anteed to be met with equality in the optimum solution [23]. For the linear
programs considered here, this pre-requisite is not valid.

links. Correspondingly, only the transmit powers within the
secondary network are included in the optimization, whereas
the transmit powers associated with the primary links are fixed.
This leads to a certain asymmetry in the problem setup, which
is relevant for the development of the distributed TPA schemes
in Section III, but is absent in the related literature.

D. Numerical Example

In order to illustrate the above problem setup, we consider
a UWB CR system with two active relays,BCR =500 MHz,
andNsp =20. In accordance with the Federal Communica-
tions Commission (FCC) spectral mask specified for UWB
devices [10],[26], we set the maximum transmit powers of
the CR nodes toPX,max =37 nW (X ∈ {S,R1,R2}). We
assume that one active primary WLAN linkU1 → U2 is
found in the vicinity of the CR relay network, with parameters
BU1,2 =20 MHz, ρ1,2 =0.04, andPU1 =40 mW [20, Ch. 24].
The channel energyαX,Y associated with a certain linkX→Y
(X,Y ∈ {S,D,R1,R2,U1,U2}) is modeled according to
αX,Y :=L0 · (d0/dX,Y)p, wheredX,Y,L0, andp denote the dis-
tance between nodeX and nodeY, the reference attenuation for
a distance ofd0 =1 m, and the path-loss exponent, respectively.
In the following, we setL0 =−50 dB andp=2 [27]. More-
over, we assumedR1,D =7 m, dR2,D =4 m, dU1,D =50 m, and
dR1,U2 =dR2,U2 = 15 m.

Suppose, we want to hide the signals of the cognitive relays
below the noise level of the primary WLAN receiver, which is
around−95 dBm in practice (assumingN0 = −174 dBm/Hz
and a noise figure of6 dB) [20, Ch. 3.2]. To this end, we
want to choose the transmit powers of the relays such that
the interference power observed at the primary WLAN re-
ceiver does not exceed, say,ξ2 =−100 dBm. If both re-
lays employ the maximum transmit powerPRi,max=37 nW
(i=1, 2), the resulting interference power at the primary
WLAN receiver is −98.8 dBm. Correspondingly, at least
one of the relays needs to choose a transmit power smaller
than PRi,max. Now suppose, we require an SINR incre-
ment of γR→D,n=3 dB, in order to achieve the target SINR
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value γD,target at the destination node. For the considered
example, one obtainsσ2

i,D + σ2
n,D = −80.76 dBm (again as-

suming a noise figure of6 dB). Correspondingly, the trans-
mit powers of the relays should be chosen such that in the
{PR1 , PR2}-plane the point(PR1 , PR2) lies either on or above
the straight line going through the pointsP=(0 W, 26.8 nW)
andP ′=(82.0 nW, 0 W). Similar to the scenario depicted in
Fig. 2 (left hand side), the optimal point that minimizes thesum
transmit power of the relays is given byP . The corresponding
interference power experienced by the primary WLAN receiver
is−103.22 dBm. Therefore,P represents a feasible solution of
the optimization problem (5).

III. D ISTRIBUTED TRANSMIT POWER ALLOCATION

SCHEMES

In order to solve the optimization problem(s) introduced inSec-
tion II-C, a central network nodeC is required (e.g., the desti-
nation node or one of the relays) which needs to be aware of
all channel energiesαRi,D andαRi,Uj

(i ∈ IIr,n, j ∈ II
(rx)
p ).

After computing the optimal solution, nodeC would then for-
ward the resulting transmit power levels to the participating
relay nodes. Obviously, this requires a significant amount of
signaling overhead, since each relay nodeRi needs to commu-
nicate its own channel energiesαRi,D andαRi,Uj

(j ∈ II
(rx)
p )

to the central nodeC. This might be costly and difficult to
acquire in practice, especially when a larger number of relays
is available. In the following, we will develop two distributed
transmit power allocation (TPA) schemes, which do not require
any further exchange of channel information between the cog-
nitive nodes: (i) a fully decentralized (FD) scheme and (ii)a
distributed feedback-assisted (DFA) scheme.

As pointed out by one of the reviewers, an alternative ap-
proach to find distributed solutions for convex or linear opti-
mization problems is to employ the dual decomposition method
[28]. The basic principle is to decompose the primary opti-
mization problem into several sub-problems, which are coupled
by a so-called master problem. Thus, each network node only
needs to solve a (local) sub-problem. The master problem is
finally solved by a special master node. A drawback of the dual
decomposition method is that it requires the exchange of dual
variables between network nodes – often in an iterative fashion.
This leads to a considerable amount of feedback information,
even if the individual nodes require only local channel informa-
tion. In contrast to this, the distributed TPA schemes developed
here require very little interaction between the involved network
nodes. Although our approach is somewhat more heuristic than
the dual decomposition method, it appears to be justified by the
near-optimum performance of the proposed schemes, as ver-
ified by the analysis in Section IV and the numerical results
presented in Section V.

A. Fully Decentralized (FD) TPA Scheme

Assuming that no feedback information from the destination
node is available, our design goal can only be along the linesof
optimization problem (6), i.e., the MRC output SINR increment
γR→D,n shall be maximized according to a best-effort strategy,

taking the given interference and maximum transmit power con-
straints into account. By this means, a quick connection be-
tween source and destination node can be established. Recall
that the interference caused by cognitive relayRi appears at pri-
mary receiverUj as AWGN with varianceρjPRi

αRi,Uj
. Now,

based on the ACK signals broadcasted by the relays (cf. Sec-
tion II-B), the numberN ′

r,n of relays participating in thenth
relaying phase is known throughout the CR network. More-
over, each relay nodeRi is assumed to be aware of the channel
energiesαRi,Uj

associated with its own links in direction of the

primary receiversUj (j∈II(rx)
p ).6 Correspondingly, each relay

can adjust its transmit power level according to

PRi
= min

{

PRi,max, min
j∈II

(rx)
p

{

ξj
ρj N ′

r,n αRi,Uj

}

}

(7)

(similar to (1)). By this means, it can be guaranteed that each
primary receiver experiences a sum interference power of at
most ξj , without any further interaction between the relays.
For example, in the special case of a single primary receiver
(|II(rx)

p |=1) andξ1/(ρ1N
′
r,nαRi,U1)≤PRi,max for all i ∈ IIr,n,

each relay will cause an interference power of exactlyξ1/N
′
r,n.

Moreover, due to the outer minimization in (7) it is guaranteed
that the maximum transmit power available at each relay is not
exceeded.

B. Distributed Feedback-Assisted (DFA) TPA Scheme

Different from the FD-TPA scheme, the DFA-TPA scheme aims
to approach the target SINR valueγD,target rather than exceed-
ing it in the last relaying phase. The DFA-TPA scheme is sim-
ilar to the optimal centralized (OC) solution discussed at the
beginning of this section. In the DFA-TPA scheme, the destina-
tion node assumes the role of the central node, however, without
having complete knowledge of all channel energies. In particu-
lar, since the destination node knows only the channel energies
αRi,D (i∈ IIr,n), cf. Section II-A, it requires estimates̃αRi,Uj

of all channel energiesαRi,Uj
associated with the links from

the active relays to the primary receivers (j∈II
(rx)
p ). Employ-

ing these estimates, the destination node can then determine
an approximation of the OC solution based on (5) and (6) and
feed back the resulting transmit power levelsP ′

Ri
to the partici-

pating relay nodes (using the corresponding spreading codes
in conjunction with a low-rate channel code), which then re-
adjust their transmit power levels accordingly. The challenge
here is to guarantee thatα̃Ri,Uj

≥αRi,Uj
holds for alli∈IIr,n

andj∈II(rx)
p , so that the resulting DFA solution always meets

the interference constraints posed by the original optimization
problem.

The basic idea for obtaining the required estimatesα̃Ri,Uj
is

as follows: Initially, the active relay nodes start with a slightly
modified version of the FD-TPA solution (7), according to

PRi
:= min

{

PRi,max, min
j∈II

(rx)
p

{

θ

N ′
r,n αRi,Uj

}

}

= min

{

PRi,max,
θ

N ′
r,n αRi,U,max

}

, (8)

6In Section V, we will relax this assumption to a certain extend.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS 7

TABLE I
COMPARISON OF DISTRIBUTED TRANSMIT POWER ALLOCATION(TPA) SCHEMES(†SEESECTION III, ‡SEESECTIONSIV AND V).

TPA Scheme Design goal† Feedback from Outage Energy
destination† performance‡ consumption‡

Fully decentralized (FD) maximize output SINR no feedback close to optimal rather high
increment at destination centralized solution

Distributed feedback-assisted aim at target output feedback of real-valued close to optimal low
(DFA) SINR at destination transmit powers centralized solution

where

θ :=
min

j∈II
(rx)
p

{ξj}

max
j∈II

(rx)
p

{ρj}

and
αRi,U,max := max

j∈II
(rx)
p

{αRi,Uj
}.

Note that (7) and (8) coincide in the case of a single primary re-
ceiver or multiple congenerous primary receivers (i.e.,ξj =: ξ

andρj =: ρ for all indicesj ∈ II
(rx)
p ). Moreover, it is easy to

prove that the transmit powersPRi
according to (8) are always

smaller than or equal to the transmit powers of the original FD-
TPA solution (7). Therefore, it is still guaranteed that each
primary receiver experiences a sum interference power of at
mostξj . The destination node then measures the corresponding
MRC output SINRsγRi→D =PRi

αRi,D/(σ
2
i,D+σ2

n,D) associ-
ated with the individual relaysRi (i∈IIr,n). Having knowledge
of the channel energiesαRi,D and the variancesσ2

i,D andσ2
n,D,

the destination node then determines the transmit power level
PRi

of each participating relay.
Now, based on (8) it is known that

PRi
≤

θ

N ′
r,n αRi,U,max

,

which holds with equality if and only ifPRi
<PRi,max. There-

fore, for each relayRi the destination node can compute a
worst-case estimate for the corresponding valueαRi,U,max ac-
cording to α̃Ri,U,max =θ/(N ′

r,nPRi
)≥αRi,U,max. Moreover,

since it is known thatαRi,U,max≥ αRi,Uj
for all j ∈ II(rx)

p , the
destination node can employ the same worst-case estimate for
all valuesαRi,Uj

(j∈II(rx)
p ), i.e.,

α̃Ri,Uj
:= α̃Ri,U,max =

θ

N ′
r,n PRi

≥ αRi,Uj
. (9)

In particular, if PRi
<PRi,max and only a single pri-

mary receiver is present (|II(rx)
p |=1), the destination node

is always able to retrieve the true value ofαRi,U1 (as
αRi,U1 =αRi,U,max andαRi,U,max=θ/(N ′

r,nPRi
)). The des-

tination node has now obtained suitable estimatesα̃Ri,Uj
for

all indicesi∈IIr,n andj∈II(rx)
p . The DFA-TPA solution can

thus be determined based on (5) and (6), while replacing the
parametersαRi,Uj

with the corresponding estimates̃αRi,Uj
,

and the resulting transmit power levelsP ′
Ri

are fed back to the
participating relay nodes. For simplicity, we assume that the

transmit powers at the relays can be re-adjusted in an instanta-
neous fashion. In other words, the acquisition time required for
conducting measurements at the destination node and sending
the feedback information to the relays is assumed to be small
compared to the time horizon under consideration. In practice,
the TPAs within earlier relaying phases should first reach their
steady state values, before the transmit powers for later relaying
phases are adjusted.

The main characteristics of the FD-TPA and the DFA-TPA
schemes are summarized in Table I.

IV. PERFORMANCEANALYSIS

It is desirable to have analytical expressions that allow usto as-
sess the performance of the proposed distributed TPA schemes
and highlight their advantage over non-cooperative transmis-
sion (i.e., without relay assistance). However, evaluating the
performance of the proposed TPA schemes while taking a wide
variety of channel conditions into account requires averaging
over a large number of random variables. Our objective is there-
fore to reduce the number of random variables 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
and a single relaying phase (Nmax=1) and derive an expression
for the cumulative distribution function (CDF) of the overall
MRC output SINRγD at the destination node, while treating the
channel energiesαS,D, αS,Ri

, αRi,D, αS,Uj
, αRi,Uj

(j∈II(rx)
p ),

αUj ,Ri
, andαUj ,D (j∈II(tx)

p ), cf. Fig. 1, as statistically inde-
pendent random variables. As will be seen, the analysis turns
out to be rather involved, which is mainly due to the consid-
ered transmission protocol, according to which relaying isper-
formed only if the pre-defined target SINR valueγD,target is
not accomplished by the source–destination link alone. As a
result, our final expression requires the numerical evaluation of
integrals, since closed-form expressions do not seem feasible.

In the following, we consider a single active primary link
(|II(tx)

p |= |II
(rx)
p |=1) for simplicity. For convenience, we drop

the indexn=1 for the relaying phase in the sequel. The in-
dex set associated with the active relays is denoted asIIr :=
{i1, ..., i|IIr|} ⊆ {1, ..., Nr}, and the primary transmitter and re-
ceiver are denoted asUtx andUrx, respectively. Finally, the
bandwidth ratio associated withUtx andUrx is denoted asρ
and the maximum tolerated sum interference power asξrx. As
an example, all transmission linksX → Y are assumed to be
subject to quasi-static Rayleigh fading, i.e., the channelcoeffi-
cientsh(l)

X,Y (l=0, ..., LX,Y) are independent complex Gaussian
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TABLE II
OVERVIEW OF SPECIAL NOTATIONS USED FOR THE ANALYTICAL RESULTS IN SECTION IV.

Notation Definition

wl,X,Y wl,X,Y =

LX,Y
∏

l′=0
l′ 6=l

σ2
l,X,Y

σ2
l,X,Y − σ2

l′,X,Y

γ̄l,X→Y γ̄l,X→Y =PX σ2
l,X,Y

(

σ2
i,Y+σ2

n,Y

)−1

µS,Ri
µS,Ri

=αS,Ri

(

σ2
i,Ri

+σ2
n,Ri

)−1

C1,Y C1,Y = Nsp(PUtxσ2
0,Utx,Y)−1

C2,l,Ri
C2,l,Ri

= γth

(

PS σ2
l,S,Ri

)−1

Kl,Ri
Kl,Ri

= e
−C2,l,Ri

σ2
n,Ri

(

1 + C2,l,Ri
/C1,Ri

)−1

Kα Kα =
(

∑LS,D

l=0 wl,S,D exp (−γD,target/γ̄l,S→D)
)−1

ϕX,Y ϕX,Y =
∑LX,Y

l=0 wl,X,Y

Kβ Kβ = Kα

(

KαϕS,D − 1
)−1

w̃l,Ri,D w̃l,Ri,D =

∏

i′∈II
(κ)
r

LR,D
∏

l′=0

(i′,l′) 6= (i,l)

γ̄l,Ri→D

γ̄l,Ri→D − γ̄l′,Ri′→D

vl,λ,i vl,λ,i =
1

C3,l,λ,Ri

wl,S,D

γ̄l,S→D

w̃λ,Ri,D

γ̄λ,Ri→D

C3,l,λ,Ri
C3,l,λ,Ri

= γ̄−1
λ,Ri→D − γ̄−1

l,S→D

C4,X C4,X = ξrx

(

ρ σ2
0,X,Urx

)−1

random variables with zero mean and varianceσ2
l,X,Y. We nor-

malize all channel energiesαX,Y with respect to a certain refer-
ence link lengthdref . Correspondingly, the channel variances
σ2
l,X,Y are modeled asσ2

l,X,Y := σ̃2
l,X,Y (dref/dX,Y)p, where

∑LX,Y

l=0 σ̃2
l,X,Y =1.

With regard to the relaying process, we distinguish the fol-
lowing two cases:
(α) EventE(α): The source node is able to accomplish the de-

sired target SINRγD,target on its own (cf. (2)), i.e., relay-
ing is not required (γS→D≥γD,target).

(β) EventE(βκ): The source node is not able to accomplish
the target SINRγD,target on its own, and a relaying pro-
cess withN ′

r≤Nr active relays is initiated. The number
of all possible index setsIIr ⊆ {1, ..., Nr} of active relays
is given byψ :=

∑Nr

i=0

(

Nr

i

)

. Theκth index set is denoted

asII(κ)
r (κ∈{0, ..., ψ − 1}), whereII(0)

r :=∅. Finally, the

cardinality of index setII(κ)
r is denoted as|II(κ)

r |=:Mκ.
Let Pr{E(α) |PS, σ

2
i,D} andPr{E(βκ) |PS} denote the condi-

tional probabilities associated with eventE(α) andE(βκ), re-
spectively, given a fixed source transmit powerPS and a fixed
interference powerσ2

i,D:

Pr{E(α) |PS, σ
2
i,D} :=

Pr{γS→D≥γD,target |PS, σ
2
i,D}, (10)

Pr{E(βκ) |PS} :=
∏

i∈II
(κ)
r

Pr{γS→Ri
≥γth |PS} ×

∏

i/∈II
(κ)
r

Pr{γS→Ri
<γth |PS}. (11)

Moreover, letC(α)(γD|PS, σ
2
i,D) and

C(βκ)(γD|PS, σ
2
i,D, PRi1

, ..., PRiMκ
)

denote the corresponding conditional CDFs ofγD, given a fixed
source transmit powerPS, a fixed interference powerσ2

i,D, and
fixed relay transmit powersPRi1

, ..., PRiMκ
. Finally, letp1(PS)

andp2(σ
2
i,D) denote the probability density functions (PDFs) of

PS andσ2
i,D, respectively, and letp3(PRi1

, ..., PRiMκ
) denote

the joint PDF ofPRi1
, ..., PRiMκ

. With these definitions, the
average CDF of the overall MRC output SINRγD at the desti-
nation node can be written as:

C̄(γD) =

∫ ∞

0

∫ PS,max

0

Pr{E(α) |PS, σ
2
i,D}

× C(α)
(

γD|PS, σ
2
i,D

)

· p1(PS) p2(σ
2
i,D) dPS dσ2

i,D

+

∫ ∞

0

∫ PS,max

0

(

1 − Pr{E(α) |PS, σ
2
i,D}

)

×

(

ψ−1
∑

κ=0

∫ PRiMκ
,max

0

· · ·

∫ PRi1
,max

0

Pr{E(βκ) |PS}

× C(βκ)
(

γD|PS, σ
2
i,D, PRi1

, ..., PRiMκ

)

× p3(PRi1
, ..., PRiMκ

) dPRi1
· · · dPRiMκ

)

× p1(PS) p2(σ
2
i,D) dPS dσ2

i,D. (12)

In the following, we provide closed-form expressions for the
conditional event probabilities (10) and (11), the conditional
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CDFs C(α)(γD| · ) and C(βκ)(γD| · ), and the PDFspi( . )
(i=1, 2, 3). Special notations introduced in the sequel are sum-
marized in Table II.

A. Conditional Event Probabilities (10) and (11)

The conditional event probability (10) can be expressed as

Pr{E(α) |PS, σ
2
i,D} = (13)

1 − Pr

{

αS,D <
γD,target(σ

2
i,D+σ2

n,D)

PS

∣

∣

∣

∣

PS, σ
2
i,D

}

.

According to the Rayleigh-fading assumption, the moment-
generating function (MGF) ofαS,D is given byMαS,D(s) =
∏LS,D

l=0 (1 − σ2
l,S,D s)

−1. Invoking the residue calculus [29,
Ch. 10], the PDFpαS,D(αS,D) of αS,D can be determined as
[19, Ch. 14.5]

pαS,D(αS,D) =

LS,D
∑

l=0

wl,S,D
σ2
l,S,D

exp

(

−
αS,D

σ2
l,S,D

)

, (14)

where

wl,S,D :=

LS,D
∏

l′=0
l′ 6=l

σ2
l,S,D

σ2
l,S,D − σ2

l′,S,D

.

Integration of (14) and evaluation of the resulting CDF at
αS,D =γD,target(σ

2
i,D+σ2

n,D)/PS yields

Pr{E(α) |PS, σ
2
i,D} = (15)

1 −

LS,D
∑

l=0

wl,S,D

(

1 − exp

(

−
γD,target

γ̄l,S→D

))

,

where

γ̄l,S→D :=
PS σ

2
l,S,D

σ2
i,D+σ2

n,D

.

The conditional event probability (11) can be expressed as

Pr{E(βκ) |PS} =
∏

i∈II
(κ)
r

(

1 − Pr

{

µS,Ri
<
γth

PS

∣

∣

∣

∣

PS

})

×
∏

i/∈II
(κ)
r

Pr

{

µS,Ri
<
γth

PS

∣

∣

∣

∣

PS

}

, (16)

whereµS,Ri
:=αS,Ri

/(σ2
i,Ri

+σ2
n,Ri

). The PDF ofαS,Ri
is of

the same form as (14). Moreover, we have

σ2
i,Ri

=PUtxαUtx,Ri
/Nsp

with

pαUtx,Ri
(αUtx,Ri

) = 1/σ2
0,Utx,Ri

exp(−αUtx,Ri
/σ2

0,Utx,Ri
).

Based on this, the PDF ofµS,Ri
is given by

pµS,Ri
(µS,Ri

) =

C1,Ri

LS,Ri
∑

l=0

wl,S,Ri

σ2
l,S,Ri

(C1,Ri
+ µS,Ri

/σ2
l,S,Ri

)σ2
n,Ri

+ 1

(C1,Ri
+ µS,Ri

/σ2
l,S,Ri

)2

× exp

(

−
σ2

n,Ri
µS,Ri

σ2
l,S,Ri

)

, (17)

wherewl,S,Ri
is of form (14) and

C1,Ri
:= Nsp/(PUtxσ

2
0,Utx,Ri

).

Integration of (17) and evaluation of the resulting CDF at
µS,Ri

=γth/PS yields

Pr

{

µS,Ri
<
γth

PS

∣

∣

∣

∣

PS

}

=

LS,Ri
∑

l=0

wl,S,Ri
·
(

1 −Kl,Ri

)

, (18)

where

Kl,Ri
:= e−C2,l,Ri

σ2
n,Ri /(1 + C2,l,Ri

/C1,Ri
)

andC2,l,Ri
:= γth/(PS σ

2
l,S,Ri

). Combining (18) with (16)

yields the desired closed-form expression forPr{E(βκ) |PS}.

B. Conditional CDFsC(α)(γD| · ) andC(βκ)(γD| · )

Consider first the case of non-cooperative transmission, i.e., no
relays are available. In this case, the PDF ofγD =γS→D, given
a fixed source transmit powerPS and a fixed interference power
σ2

i,D at the destination node, is of the same form as (14). The
corresponding CDF can be calculated as

Cnc(γD|PS, σ
2
i,D)=

LS,D
∑

l=0

wl,S,D

(

1−exp

(

−
γD

γ̄l,S→D

))

. (19)

Next, consider the relaying case (α), where the source node is
able to accomplish the desired target SINRγD,target on its own.
By definition we haveγD =γS→D≥γD,target. Based on (19),
we therefore obtain the following expression for the conditional
CDFC(α)(γD|PS, σ

2
i,D):

C(α)(γD|PS, σ
2
i,D) = (20)

{

0 for γD < γD,target

1 +Kα ·
(

Cnc(γD|PS, σ
2
i,D) − ϕS,D

)

for γD ≥ γD,target
,

whereKα :=
(

∑LS,D

l=0 wl,S,D exp
(

−γD,target

γ̄l,S→D

))−1

andϕS,D :=
∑LS,D

l=0 wl,S,D. Note that for γD<γD,target the first inte-
gral in (12) becomes zero, asC(α)(γD|PS, σ

2
i,D) is zero for

γD<γD,target.
Next, we consider relaying case (β), where the source node is

not able to accomplish the desired target SINRγD,target on its
own. For the special case (β0), where no relay is able to decode
the message from the source node correctly (IIr =II

(0)
r =∅), we

haveγD =γS→D<γD,target. We thus obtain the following ex-
pression for the conditional CDFC(β0)(γD|PS, σ

2
i,D):

C(β0)(γD|PS, σ
2
i,D) = (21)

{

Kβ Cnc(γD|PS, σ
2
i,D) for γD < γD,target

1 for γD ≥ γD,target
,

whereKβ :=Kα/(KαϕS,D − 1). If a certain non-empty subset

II
(κ)
r ⊆ {1, ..., Nr} of relays is able to decode the message from

the source node correctly,γD is given byγD =γS→D+γR→D,
while γS→D < γD,target. Therefore, for a fixed source trans-
mit powerPS, a fixed interference powerσ2

i,D at the destination
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node, and fixed relay transmit powersPRi
(i∈II(κ)

r ), the PDF
of γD can be calculated by convolving the constrained PDF of
γS→D with the PDF ofγR→D. The latter can be expressed as

pγR→D(γR→D) =
∑

i∈II
(κ)
r

LR,D
∑

l=0

w̃l,Ri,D

γ̄l,Ri→D
exp

(

−
γR→D

γ̄l,Ri→D

)

,

(22)
where

w̃l,Ri,D =

∏

i′∈II
(κ)
r

LR,D
∏

l′=0

(i′,l′) 6=(i,l)

γ̄l,Ri→D

γ̄l,Ri→D − γ̄l′,Ri′→D
,

andγ̄l,Ri→D := PRi
σ2
l,Ri,D

/(σ2
i,D+σ2

n,D). For simplicity, we

have assumed in (22) thatLRi,D =:LR,D for all i∈II(κ)
r . Inte-

gration of the resulting PDF finally yields the conditional CDF

C(βκ)(γD|PS, σ
2
i,D, PRi1

, ..., PRiMκ
) = (23)















































































































Kβ

∑

i∈II
(κ)
r

LS,D
∑

l=0

LR,D
∑

λ=0

vl,λ,i

[

γ̄λ,Ri→D

(

exp

(

−
γD

γ̄λ,Ri→D

)

− 1

)

− γ̄l,S→D

(

exp

(

−
γD

γ̄l,S→D

)

− 1

)]

for γD < γD,target

Kβ

∑

i∈II
(κ)
r

LS,D
∑

l=0

LR,D
∑

λ=0

vl,λ,i

×

[

(

γ̄λ,Ri→D − γ̄l,S→D

)

(

exp

(

−
γD,target

γ̄l,S→D

)

− 1

)

− γ̄λ,Ri→D

(

exp
(

C3,l,λ,Ri
γD,target

)

− 1

)

× exp

(

−
γD

γ̄λ,Ri→D

)]

for γD ≥ γD,target,

wherevl,λ,i :=wl,S,D w̃λ,Ri,D/(C3,l,λ,Ri
γ̄l,S→D γ̄λ,Ri→D) and

C3,l,λ,Ri
:=1/γ̄λ,Ri→D − 1/γ̄l,S→D.

C. PDFsp1( . ), p2( . ), p3( . )

The PDFp1(PS) of the source transmit powerPS according to
(1) can be evaluated as

p1(PS)=































C4,S

P 2
S

exp

(

−
C4,S

PS

)

+

(

1 − exp

(

−
C4,S

PS,max

))

δ0
(

PS−PS,max

)

for PS ≤ PS,max

0 for PS > PS,max,
(24)

whereC4,S = ξrx/(ρ σ
2
0,S,Urx

) andδ0(PS−PS,max) denotes a
Dirac impulse atPS =PS,max. In order to arrive at (24), we
have used that the PDF ofαS,Urx is given by

pαS,Urx
(αS,Urx) = 1/σ2

0,S,Urx
exp(−αS,Urx/σ

2
0,S,Urx

).

If the interference constraint vanishes (i.e.,ρ σ2
0,S,Urx

→ 0), we
obtainp1(PS)=δ0(PS−PS,max), as expected.

The PDFp2(σ
2
i,D) of the interference power

σ2
i,D =PUtxαUtx,D/Nsp

at the destination node is given by

p2(σ
2
i,D) = C1,D e−C1,D σ

2
i,D , (25)

whereC1,D :=Nsp/(PUtxσ
2
0,Utx,D

). Here, we have used that

pαUtx,D(αUtx,D)=1/σ2
0,Utx,D exp(−αUtx,D/σ

2
0,Utx,D).

For the FD-TPA scheme, the individual relay transmit powers
PRi

:= min {PRi,max, ξrx/(ρN
′
r αRi,Urx)} are statistically in-

dependent. Correspondingly, the joint PDF of the relay transmit
powers is given byp3(PRi1

, ..., PRiMκ
) =

∏

i∈II
(κ)
r
p3,i(PRi

),

whereMκ= |II
(κ)
r |=:N ′

r. Similar to (24), one obtains

p3,i(PRi
) =











































C4,Ri

N ′
r P

2
Ri

exp

(

−
C4,Ri

N ′
r PRi

)

+

(

1 − exp

(

−
C4,Ri

N ′
r PRi,max

))

× δ0
(

PRi
−PRi,max

)

for PRi
≤ PRi,max

0 for PRi
> PRi,max,

(26)
whereC4,Ri

:= ξrx/(ρ σ
2
0,Ri,Urx

). Again, we havep3,i(PRi
)=

δ0
(

PRi
−PRi,max

)

for ρ σ2
0,Ri,Urx

→ 0.

D. Discussion

Based on the above expressions for the conditional event prob-
abilitiesPr{E(α) | · } andPr{E(βκ) | · }, the corresponding con-
ditional CDFsC(α)(γD| · ) and C(βκ)(γD| · ), and the PDFs
p1(PS), p2(σ

2
i,D), andp3,i(PRi

), a closed-form evaluation of
the average CDF̄C(γD) of the overall MRC output SINRγD

at the destination node, cf. (12), appears to be difficult. Inthe
following section, we will therefore apply Monte-Carlo inte-
gration, in order to evaluatēC(γD) numerically. We note that

(12) is only valid if the random variablesPS andPRi
(i∈II(κ)

r )
are statistically independent from the random variablesαS,D,
αS,Ri

, αRi,D, andαUtx,Ri
. 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 ap-
pears difficult. Moreover, for the DFA-TPA scheme and the
OC solution there are no closed-form expressions for the relay
transmit powersPRi

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 assistance). We
start with semi-analytical performance results for the FD-TPA
scheme, given a single relaying phase (Nmax=1) and a single
active primary link (Section V-A). We also include simulation-
based performance results so as to corroborate our analysisin
Section IV. Afterwards, we will present simulation-based per-
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 transmitters
and receivers (Section V-B and Section V-C).

As in the analysis in Section IV, quasi-static Rayleigh fading
is assumed. All link lengths are normalized with respect to the
distance between source and destination, i.e.,dref :=dS,D. The
average signal-to-noise ratio (SNR) of the source–destination
link, denoted as̄γ0,S→D, serves as a reference in the sequel.
Throughout this section, transmit powers are normalized with
respect to the average received power of the source–destination
link. The locations of source and destination node are set to
(−0.5, 0) and (+0.5, 0), respectively. The links within the
CR network are assumed to have a channel memory length of
LX,Y =9 and an exponentially decaying power delay profile,
according toσ̃2

l,X,Y/σ̃
2
0,X,Y = exp(−l/ch), where we choose

ch=2. Moreover, we choose a path-loss exponent ofp=3.
For simplicity, all nodes within the CR network are assumed
to have identical physical properties. To this end, we set
σ2

n,D = σ2
n,Ri

=: σ2
n for all indicesi∈{1, ..., Nr} and choose

identical maximum transmit powersPS,max =PRi,max = 1 for
the source node and the relays. Finally, we setγth =10 dB
andγD,target =10 dB. All simulation results presented in the
following have been averaged over105 to 106 statistically inde-
pendent channel realizations.

A. Performance Results for a Two-hop FD-TPA Scheme and a
Single Primary Link

As an example, we assume thatNr =5 relays are available with
positions(0, 0), (0,±0.2), and (0,±0.4). As discussed ear-
lier, we assume that the average transmit powerPUtx employed
by the primary transmitter is much larger than the maximum
transmit powers within the CR network. As an example we set
PUtx =10, 000. Consequently, the primary transmitter needs
to be located at some distance from the CR network, in order
to allow for secondary spectrum usage. As an example, we
consider different positions(0, d+10) and(0, d) of the primary
transmitter and receiver, respectively, while we varyd between
1≤d≤20. The maximum sum interference power tolerated by
the primary receiver is expected to be rather small. As an ex-
ample, we setξrx =0.01. Finally, the bandwidth ratio between
the primary link and the CR network is set toρ=0.1.

Fig. 3 shows the average complementary CDF (CCDF) of
the overall MRC output SINRγD, 1−C̄(γD), resulting for non-
cooperative transmission and the FD-TPA scheme, respectively,
for four different cases specified in the figure caption. As can be
seen, the (semi-)analytical results (dashed/solid lines)based on
(12) are in good accordance with the simulation results (mark-
ers). Moreover, it can be seen that for all considered cases
the FD-TPA scheme substantially outperforms non-cooperative
transmission, as the associated average CCDFs are located sig-
nificantly further to the right. The performance of both non-
cooperative transmission and the FD-TPA scheme improves, if
(i) the distanced between the primary system and the CR net-
work is increased, (ii) the spreading lengthNsp is increased, or
(iii) the reference SNR̄γ0,S→D is increased. However, even for
γ̄0,S→D =10 dB andd=12 (Case 4), the probability that the tar-
get SINRγD,target =10 dB is accomplished by means of non-
cooperative transmission is only about0.14, whereas the cor-
responding probability for the FD-TPA scheme is close to one.
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Fig. 3. Average CCDF1 − C̄(γD) of the overall MRC output SINR
γD at the destination node for different cases (Nr =5 relays, one relay-
ing phase,Np =1 primary link; primary transmitter and receiver located at
(0, d+10) and(0, d), respectively). Case 1:̄γ0,S→D =5 dB,d=3, Nsp =10;
Case 2:γ̄0,S→D =5 dB, d=12, Nsp =10; Case 3:γ̄0,S→D =5 dB, d=12,
Nsp =20; Case 4: γ̄0,S→D =10 dB, d=12, Nsp =10. Lines represent
(semi-)analytical results obtained by means of Monte-Carlo integration of (12),
whereas markers represent simulation results. Dashed lines: non-cooperative
transmission; solid lines: FD-TPA scheme.

In the case of the FD-TPA scheme, plateaus within1−C̄(γD)
are due to the relaying process, since in those cases where the
source node is not able to accomplish the target SINRγD,target

on its own, the participating relays maximizeγD according to
a best-effort strategy. As a consequence, the FD-TPA scheme
exhibits a better CCDF curve for̄γ0,S→D =5 dB (Case 2) than
for γ̄0,S→D =10 dB (Case 4), as long asγD≤14 dB.

The advantage of the FD-TPA scheme over non-cooperative
transmission is even more apparent in terms of the average out-
age probabilityE{Pr{γD<γD,target}}= C̄(γD,target) (E{·}
denotes statistical expectation). Fig. 4 showsC̄(γD,target) as
a function of the distanced between the primary system and
the CR network (for̄γ0,S→D =5 dB, 10 dB andNsp =10, 20).
As can be seen, the FD-TPA scheme substantially outperforms
non-cooperative transmission, especially forγ̄0,S→D =10 dB.
In particular, for the FD-TPA schemēC(γD,target) decreases
significantly with growing distanced, whereas the average out-
age probability for non-cooperative transmission remainsrela-
tively close to one for the considered range ofd. As earlier,
the (semi-)analytical results based on (12) are in good accor-
dance with the simulation results. We have also included simu-
lation results for the optimum centralized (OC) solution, which
reveal that for the considered example the performance of the
FD-TPA scheme is, in fact, very close to the optimum (for the
entire range ofd).

B. Performance Results for the DFA-TPA Scheme and more
than Two Hops

For the time being, we again focus on the two-hop case and
a single active primary link withξrx =0.01 and ρ=0.1. As
earlier, Nr =5 relays with positions(0, 0), (0,±0.2), and
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Fig. 4. Average outage probabilitȳC(γD,target) for non-cooperative trans-
mission, the FD-TPA scheme, and the OC-TPA solution as a function of the
distance between the primary system and the CR network (different SNR val-
ues γ̄0,S→D and spreading lengthsNsp; Nr =5 relays, one relaying phase,
Np =1 primary link; primary transmitter and receiver located at(0, d+10)
and (0, d), respectively). For non-cooperative transmission and theFD-TPA
scheme, dashed lines represent (semi-)analytical resultsobtained by means of
Monte-Carlo integration, whereas markers represent simulation results. The
curves for the OC-TPA solution were obtained by means of simulations.

(0,±0.4) are assumed. Fig. 5 depicts simulation results for
the average CCDF1−C̄(γD) in the case of non-cooperative
transmission, the FD-TPA scheme, and the OC-TPA solution,
respectively (̄γ0,S→D =5 dB, Nsp =10). The positions of the
primary transmitter and receiver were set to(0, 15) and(0, 5),
respectively. We note that the average CCDF of the OC-TPA
solution exhibits a pronounced cliff around the target SINR
γD,target. This illustrates that the OC-TPA solution aims to ap-
proachγD,target, whereas the FD-TPA scheme tends to exceed
it. The average CCDF of the DFA-TPA scheme (not depicted)
is virtually identical to that of the OC-TPA solution, despite
the incomplete knowledge of the channel energiesαRi,Urx at
the destination node. For the FD-TPA scheme, we have also
included the average CCDF resulting forNmax=2 relaying
phases (dashed line), which illustrates that multihop relaying
indeed improves the outage performance in this case.

Fig. 6 shows the average outage probabilityC̄(γD,target) for
non-cooperative transmission, the FD-TPA scheme, the DFA-
TPA solution, and the OC-TPA solution as a function of the
distanced between the primary system and the CR network
(γ̄0,S→D =5 dB, Nsp =10). Here, we have assumed that alto-
getherNr =15 relays are available with positions(±m

4 ,±
n
5 ),

wherem=0, 1 andn=0, 1, 2. Consider first the case labelled
as ‘Case I’. Given a single relaying phase (solid lines), we note
that the presence ofNr =15 instead ofNr =5 relays leads to
significant performance improvements (cf. Fig. 4). Ford≥ 5,
the performances of the FD-TPA scheme, the DFA-TPA solu-
tion, and the OC-TPA solution are virtually the same. Second,
as expected additional relaying phases offer further substantial
performance improvements, where the second relaying phase
(dashed lines) yields the largest relative gain. In this example,
it was found that the relative gains forNmax>3 relaying phases
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Fig. 5. Average CCDF1− C̄(γD) of the overall MRC output SINRγD
at the destination node in the case of non-cooperative transmission, the FD-
TPA scheme, and the OC-TPA solution (Nr =5 relays,Np =1 primary link,
γ̄0,S→D =5 dB, Nsp =10; primary transmitter and receiver located at(0, 15)
and (0, 5), respectively). Solid lines: one relaying phase; dashed line: two
relaying phases.

are marginal. For the scenario withNr =5 relays (cf. Fig. 5), it
was found that the relative gains diminish already forNmax>2
relaying phases.

In practice, perfect knowledge of the channel energiesαS,Uj

andαRi,Uj
(j∈II(rx)

p ) in direction of the primary receiver might
be difficult to obtain. This problem can, for example, be solved
by multiplying the available estimates̃αS,Uj

and α̃Ri,Uj
of

the channel energiesαS,Uj
andαRi,Uj

by an appropriate in-
terference margin factorCmargin>1. By this means, it can
be ensured that the interference constraints at the primaryre-
ceivers are met with a high probability, even if the available
estimates̃αS,Uj

and α̃Ri,Uj
are smaller than the actual chan-

nel energies. As an example, Fig. 6 shows performance re-
sults for the case, where all cognitive nodes employ an interfer-
ence margin factor ofCmargin =10 (‘Case II’). For simplicity,
we have assumed that̃αS,Urx =αS,Urx and α̃Ri,Urx =αRi,Urx

for all indices i ∈ {1, ..., Nr}. As can be seen, as long as
the primary system is not too close to the CR network, the
considered TPA schemes still achieve significant performance
improvements over non-cooperative transmission (especially in
the case of multiple hops). Given a single relaying phase, the
FD-TPA scheme leaves a somewhat larger gap to the DFA-TPA
and the OC-TPA solutions than in the scenario without interfer-
ence margin (Cmargin=1), due to the more restrictive interfer-
ence constraints.

In order to highlight the differences between the FD-TPA
scheme and the DFA-TPA solution, Fig. 7 shows the average
transmit power spent by the individual relays as a function of
the relay position. As an example, we have focused on the case
Cmargin =1, d=5, and a single relaying phase. We first note
that relays which are far away from the source node are char-
acterized by very small average transmit powers, since theyare
inactive with a high probability. In the case of the DFA-TPA
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Fig. 6. Average outage probabilitȳC(γD,target) for non-cooperative trans-
mission, the FD-TPA scheme, the DFA-TPA solution, and the OC-TPA solu-
tion as a function of the distance between the primary systemand the CR net-
work (Nr =15 relays,Np =1 primary link, γ̄0,S→D = 5 dB, Nsp =10; pri-
mary transmitter and receiver located at(0, d+10) and (0, d), respectively).
Case I: no interference margin (Cmargin = 1); Case II: interference margin
Cmargin = 10. Solid lines: one relaying phase; dashed lines: two relaying
phases; dotted lines: three relaying phases.

solution, it can be seen that relays which are far away from the
destination node are on average assigned comparatively small
transmit powers, as the DFA-TPA solution takes the quality of
the Ri→D links into account (via the feedback information
from the destination node). Consequently, the DFA-TPA solu-
tion mainly utilizes those relays, which have approximately the
same distance from the source and from the destination node,
whereas the FD-TPA scheme also utilizes those relays which
are close to the source node. Finally, we note that on aver-
age the DFA-TPA solution requires substantially smaller relay
transmit powers than the FD-TPA scheme (as expected). This is
even more apparent in Fig. 8, where the overall average trans-
mit power spent by the relays is depicted as a function of the
distanced between the primary system and the CR network. As
can be seen, if the primary receiver is located at some distance
from the CR network, i.e., if the interference constraints are less
restrictive, the FD-TPA scheme entails a relatively large energy
consumption, whereas the energy consumptions in the case of
the DFA-TPA and the OC-TPA solutions remain moderate.

C. Performance Results in the Presence of Multiple Active Pri-
mary Links

Finally, we consider the case where multiple active primary
links are present in the vicinity of the CR network. As an ex-
ample, we focus on a scenario withNp =2 primary systems
with ξrx,1 =0.01, ξrx,2 =0.02, andρ1 =ρ2 =0.1. As earlier,
the positions of the first primary transmitter and receiver are
set to(0, d+10) and (0, d), respectively. Similarly, the posi-
tions of the second primary transmitter and receiver are setto
(0,−(d+10)) and(0,−d), respectively. Similar to Fig. 6, we
assume that all cognitive nodes employ an interference mar-
gin factor of Cmargin =10 for the channel energiesαS,Urx,j
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Fig. 7. Average transmit power spent by the individual relays (Nr =15 relays,
one relaying phase,Np =1 primary link, γ̄0,S→D =5 dB, Nsp =10, interfer-
ence marginCmargin =1), for the case of the FD-TPA scheme (marked by ‘o’)
and the DFA-TPA solution (marked by ‘x’). The position of the source node is
marked by ‘S’, and the position of the destination node is marked by ‘D’. The
primary transmitter and receiver are located at(0, 15) and(0, 5), respectively
(not depicted).

andαRi,Urx,j
in direction of the primary receivers (j = 1, 2,

i ∈ {1, ..., Nr}). Fig. 9 depicts the average outage probabil-
ity C̄(γD,target) for non-cooperative transmission, the FD-TPA
scheme, the DFA-TPA solution, and the OC-TPA solution as a
function ofd, forNr =5 andNr =15 relays (same positions as
earlier). Generally, the presence of a second primary system
leads to significant performance degradations for all schemes,
since (i) the interference stemming from the primary transmit-
ters becomes more severe and (ii) the interference constraints
posed by the primary receivers become more restrictive. As can
be seen, in the case ofNr =5 relays the performance of the FD-
TPA scheme, the DFA-TPA solution, and the OC-TPA solution
is very similar. Interestingly, in the case ofNr =15 relays the
DFA-TPA solution performs less close to the OC-TPA solution
than in the case of a single primary system (cf. Fig. 6). This
is partly due to the assumption made in the DFA-TPA solution
that ξrx =minj{ξrx,j} for both primary users (cf. Section III-
B). However, as can be seen in Fig. 9 this performance gap
is reduced when a sufficient number of relaying phases is em-
ployed (e.g.Nmax =3 in this case).

VI. CONCLUSIONS

In this paper, two distributed transmit power allocation (TPA)
schemes for relay-assisted cognitive-radio (CR) systems in the
presence of a single or multiple active primary links have been
developed, with the goal to optimize the performance of the
CR system, while limiting the interference experienced by the
primary receivers (cf. Table I for a summary of the proposed
schemes). Analytical and simulation-based performance re-
sults have shown that both proposed schemes accomplish sig-
nificant improvements over non-cooperative transmission,es-
pecially when more than two hops are employed. In particu-
lar, it was shown that both schemes usually perform close to
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Fig. 8. Overall average transmit power spent by the relays inthe case of
the FD-TPA scheme, the DFA-TPA solution, and the OC-TPA solution as a
function of the distance of the primary system from the CR network (Nr =15
relays, one relaying phase,Np =1 primary link, γ̄0,S→D = 5 dB, Nsp =10,
interference marginCmargin = 1; primary transmitter and receiver located at
(0, d+10) and(0, d), respectively). Solid lines: one relaying phase; dashed
lines: two relaying phases; dotted lines: three relaying phases.

the optimal centralized TPA solution. Moreover, the distributed
feedback-assisted (DFA) TPA scheme was shown to effectively
capitalize on the feedback from the destination node, so as to
achieve a low average energy consumption at the relays.

Future work might yield more sophisticated distributed TPA
schemes for the case of multiple (non-congenerous) primary
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 would be
interesting to study the impact of non-perfect channel knowl-
edge and non-perfect measurements at the destination node on
the performance of the proposed TPA schemes.
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Fig. 9. Average outage probabilitȳC(γD,target) for non-cooperative trans-
mission, the FD-TPA scheme, the DFA-TPA solution, and the OC-TPA solution
as a function of the distanced of the primary systems from the CR network
(Np =2 non-congenerous primary links,γ̄0,S→D =10 dB, Nsp =10, interfer-
ence marginCmargin =10). Dark color: Nr =5 relays; light color:Nr =15
relays. Solid lines: one relaying phase; dashed lines: three relaying phases.

[9] H. Zhang, X. Zhou, K. Y. Yazdandoost, and I. Chlamtac, “Multiple signal
waveforms adaptation in cognitive ultra-wideband radio evolution,” IEEE
J. Select. Areas Commun., vol. 24, no. 4, pp. 878–884, Apr. 2006.

[10] S. Roy, J. R. Foerster, V. S. Somayazulu, and D. G. Leeper, “Ultra-
wideband radio design: The promise of high-speed, short-range wireless
connectivity,”Proc. IEEE, vol. 92, no. 2, pp. 295–311, Feb. 2004.

[11] A. K. Sadek, K. J. R. Liu, and A. Ephremides, “Cognitive multiple access
via cooperation: Protocol design and performance analysis,” IEEE Trans.
Inform. Theory, vol. 53, no. 10, pp. 3677–3696, Oct. 2007.

[12] O. Simeone, Y. Bar-Ness, and U. Spagnolini, “Stable throughput of cogni-
tive radios with and without relaying capability,”IEEE Trans. Commun.,
vol. 55, no. 12, pp. 2351–2360, Dec. 2007.

[13] R. Di Taranto, K. Nishimori, P. Popovski, H. Yomo, Y. Takatori,
R. Prasad, and S. Kubota “Simple antenna pattern switching and
interference-induced multi-hop transmissions for cognitive radio net-
works,” in Proc. IEEE Int. Symp. on New Frontiers in Dynamic Spectrum
Access Networks (DySPAN), Dublin, Ireland, Apr. 2007, pp. 543–546.

[14] K. Lee and A. Yener, “Outage performance of cognitive wireless relay
networks,” inProc. IEEE Global Telecommun. Conf. (Globecom), San
Francisco, CA, Nov./Dec. 2006.

[15] X. Zhou, H. Zhang, and I. Chlamtac, “Space-frequency coded cooperative
scheme among distributed nodes in cognitive UWB radio,” inProc. IEEE
Int. Symp. on Pers., Indoor, and Mobile Radio Commun. (PIMRC), Berlin,
Germany, Sept. 2005, pp. 461–465.

[16] T. Fujii and Y. Suzuki, “Ad-hoc cognitive radio – Development to fre-
quency sharing system by using multi-hop network,” inProc. IEEE
Int. Symp. on New Frontiers in Dynamic Spectrum Access Networks (DyS-
PAN), Baltimore, MD, Nov. 2005, pp. 589–592.

[17] J. Mietzner, L. Lampe, and R. Schober, “Distributed transmit power allo-
cation for relay-assisted cognitive-radio systems,” inProc. Asilomar Conf.
on Signals, Systems, and Computers, Pacific Grove, CA, Nov. 2007, pp.
792–796.

[18] C. Sun and K. B. Letaief, “User cooperation in heterogeneous cogni-
tive radio networks with interference reduction,” inProc. IEEE Int. Conf.
Commun. (ICC), Beijing, China, May 2008, pp. 3193–3197.

[19] J. G. Proakis,Digital Communications, 4th ed. New York: McGraw-
Hill, 2001.

[20] A. F. Molisch,Wireless Communications. Chichester: Wiley/IEEE Press,
2005.

[21] B. Li, D. Xie, S. Cheng, J. Chen, P. Zhang, W. Zhu, and B. Li, “Recent
advances on TD-SCDMA in China,”IEEE Commun. Mag., vol. 43, no. 1,
pp. 30–37, Jan. 2005.

[22] P. W. C. Chan, E. S. Lo, R. R. Wang, E. K. S. Au, V. K. N. Lau,
R. S. Cheng, W. H. Mow, R. D. Murch, and K. B. Letaief, “The evolu-
tion path of 4G networks: FDD or TDD?,”IEEE Commun. Mag., vol. 44,
no. 12, pp. 42–50, Dec. 2006.

[23] B. Song, R. L. Cruz, and B. D. Rao, “Network duality for multiuser
MIMO beamforming networks and applications,”IEEE Trans. Commun.,
vol. 55, no. 3, pp. 618–630, Mar. 2007.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS 15

[24] W. L. Winston and M. Venkataramanan,Introduction to Mathematical
Programming – Operations Research: Volume One. 4th ed. Pacific
Grove, CA: Thomson Learning – Brooks/Cole, 2003.

[25] S. Wright, Primal-Dual Interior Point Methods. Philadelphia,
PA: SIAM, 1997.

[26] “Revision of part 15 of the commission’s rules regarding ultra-wideband
transmission systems.” Federal Communications Commission (FCC),
First Report and Order, ET Docket 98–153, FCC 02–48; Adopted: Febru-
ary 2002; Released: April 2002.

[27] A. F. Molisch, J. R. Foerster, and M. Pendergrass, “Channel models for
ultrawideband personal area networks,”IEEE Wireless Commun., vol. 10,
no. 6, pp. 14–21, Dec. 2003.

[28] D. P. Palomar and M. Chiang, “A tutorial on decomposition methods for
network utility maximization,”IEEE J. Select. Areas Commun., vol. 24,
no. 8, pp. 1439–1451, Aug. 2006.

[29] W. Rudin,Real and Complex Analysis, 3th ed. New York: McGraw-Hill,
1986.

Jan Mietzner (S’02, M’08) was born in Rendsburg, Ger-
many, on March 6, 1975. He studied electrical engineering
and information engineering at the Faculty of Engineering,
Christian-Albrechts University (CAU) of Kiel, Germany,
with focus on digital communications. During his stud-
ies, he spent six months in 2000 with the Global Wireless
Systems Research Group, Lucent Technologies, Bell Labs
U.K., in Swindon, England. He received the Dipl.-Ing. de-
gree from the CAU Kiel in July 2001. For his diploma the-
sis on space-time codes he received the Prof.- Dr.- Werner-

Petersen Award. From August 2001 to October 2006 he was working toward
his Ph.D. degree as a research and teaching assistant at the Information and
Coding Theory Lab (ICT), Faculty of Engineering, CAU Kiel, and received his
Ph.D. degree in December 2006. He received an award from the Friends of the
Faculty of Engineering for the best dissertation in 2006. From January 2007 to
December 2008 he was with the Communication Theory Group, Department of
Electrical and Computer Engineering, University of British Columbia, in Van-
couver, Canada, as a post-doctoral research fellow sponsored by the German
Academic Exchange Service (DAAD). His research interests concern physical
layer aspects of future wireless communication systems, especially multiple-
antenna techniques, ultra-wideband (UWB) and cognitive radio systems, relay-
ing, and cooperative diversity techniques. Dr. Mietzner has served as a TPC
member for the IEEE WCNC 2009 and the IEEE Globecom 2009. In March
2009, he joined EADS Germany, Defence & Security, in Ulm, Germany.

Lutz Lampe (S’98, M’02, SM’08) received the Diplom
(Univ.) and the Ph.D. degrees in electrical engineering
from the University of Erlangen, Germany, in 1998 and
2002, respectively. Since 2003 he has been with the De-
partment of Electrical and Computer Engineering at the
University of British Columbia (UBC), where he is cur-
rently an Associate Professor.
Dr. Lampe has been awarded the 2009 Friedrich Wilhelm
Bessel Research Award by the Alexander von Humboldt
Foundation and the 2008 UBC Killam Research Prize. He
is co-recipient of the 2005 Eurasip Signal Processing Jour-
nal Best Paper Award and the Best Paper Award at the
2006 IEEE International Conference on Ultra-Wideband.

In 2003, he received the Dissertation Award of the German Information Tech-
nology Society (ITG).
Dr. Lampe is an Editor for the IEEE Transactions on Wireless Communications
and the International Journal on Electronics and Communications (AEUE). He
has been an Associate Editor for the IEEE Transactions on Vehicular Tech-
nology from April 2004 to June 2008. He serves as Vice-Chair of the IEEE
Communications Society Technical Committee on Power Line Communica-
tions and as Sectetary of the IEEE Communications Society Communication
Theory Technical Committee. He was General Chair of the 2005International
Symposium on Power Line Communications and Its Applications (ISPLC) and
he currently serves as the General Chair of the 2009 IEEE International Con-
ference on Ultra-Wideband (ICUWB) in Vancouver, BC, Canada.

Robert Schober (S’98, M’01, SM’08) was born in
Neuendettelsau, Germany, in 1971. He received the
Diplom (Univ.) and the Ph.D. degrees in electrical en-
gineering from the University of Erlangen-Nuermberg in
1997 and 2000, respectively. From May 2001 to April
2002 he was a Postdoctoral Fellow at the University of
Toronto, Canada, sponsored by the German Academic Ex-
change Service (DAAD). Since May 2002 he has been
with the University of British Columbia (UBC), Vancou-
ver, Canada, where he is now a Full Professor and Canada
Research Chair (Tier II) in Wireless Communications. His
research interests fall into the broad areas of Communi-
cation Theory, Wireless Communications, and Statistical
Signal Processing.

Dr. Schober received the 2002 Heinz MaierLeibnitz Award of the German Sci-
ence Foundation (DFG), the 2004 Innovations Award of the Vodafone Founda-
tion for Research in Mobile Communications, the 2006 UBC Killam Research
Prize, the 2007 Wilhelm Friedrich Bessel Research Award of the Alexander
von Humboldt Foundation, and the 2008 Charles McDowell Award for Excel-
lence in Research from UBC. In addition, he received best paper awards from
the German Information Technology Society (ITG), the European Association
for Signal, Speech and Image Processing (EURASIP), IEEE ICUWB 2006, the
International Zurich Seminar on Broadband Communications, and European
Wireless 2000. Dr. Schober is also the Area Editor for Modulation and Signal
Design for the IEEE Transactions on Communications.


