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Active Cooperation Between Primary
Users and Cognitive Radio Users in
Heterogeneous Ad-Hoc Networks

Weifeng Su, Member, IEEE, John D. Matyjas, Member, IEEE, and Stella Batalama, Member, IEEE

Abstract—In this paper, we consider a heterogeneous ad-hoc
network where primary users may cooperate with cognitive radio
(CR) users for the transmission of their data. We propose a new
cooperation protocol that allows CR users to relay primary user
signals in exchange for some spectrum. The spectrum released
by primary users is used by CR users for their own data trans-
mission. The proposed protocol maximizes the primary user
power savings and the CR users’ own data transmission rate. In
addition, it provides more robust (potentially continuous) service
for CR users, compared to the conventional practice in cognitive
networks where cognitive users transmit in the spectrum holes
of primary users (i.e., their service is interrupted when primary
users need to transmit and no spectrum holes are available). More
specifically, we propose a CR user power allocation scheme that
maximizes the rate of transmission of CR user own data, for any
given CR user power budget and a given bandwidth released from
the primary user. Furthermore, we determine a range of possible
transmission power levels that can be used by the primary user
during cooperation without sacrificing its target transmission
rate, and we derive a necessary condition on the quality of the
channel between the primary user and the CR user that enables
cooperation. Extensive numerical and simulation studies illustrate
our theoretical developments and show that cooperation between
a primary and CR user may lead, for example, to up to 80% sav-
ings of primary user power when compared to a noncooperation
scheme at the same transmission power level.

Index Terms—Cooperative communications, amplify-and-for-
ward relaying, cognitive radio, heterogeneous ad-/4oc networks.

I. INTRODUCTION

OGNITIVE RADIO (CR) networks have attracted signif-
icant interest in recent years to pursue a natural idea that
if spectrum is not used by primary users, secondary users may
use it based on cognitive radio technologies [1]-[3]. Network
spectrum efficiency can be greatly improved as secondary (or
CR) users sense and exploit “spectrum holes” whenever they
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are available. In the context of cognitive networks, the licensed
users who own the spectrum (or users have higher priority to use
the spectrum) are called primary users while nonlicensed users
(or users with lower priority) are referred to as secondary users
or CR users.

Cooperative communications is an emerging communication
concept which optimizes signal transmissions both with respect
to physical layer and medium-access-control (MAC) layer as-
pects (see [4]-[14] and the references therein). It has great po-
tential to increase network capacity and power savings as well as
reduce routing latency in wireless networks. Different from con-
ventional point-to-point wireless communications, cooperative
communications and networking allow different nodes/users in
a wireless network to share resources to cooperatively deliver
information to a destination through distributed transmissions.
With this new communication concept, each node’s information
is sent out not only by the node itself, but also by cooperating
nodes, and thus it is inherently more reliable for the destina-
tion to receive the information. Effectively, cooperating nodes
create a virtual multiinput-multioutput (MIMO) system that can
significantly increase the link capacity and realize a new form of
spatial diversity which has been termed cooperative diversity.

Cooperative communication in cognitive heterogeneous net-
works can be achieved through either: (i) cooperation among
primary user peers or (ii) cooperation among CR user peers or
(ii1) cooperation between primary and CR users. When only pri-
mary users are allowed to cooperate, case (i) above, cooperation
reduces to the traditional cooperation scheme. When only CR
users are allowed to cooperate, case (ii) above, cooperation is
achieved through the means of a traditional cooperation scheme
among CR users [15]-[17] enhanced by game theoretic prin-
ciples to assist spectrum sharing among CR users [18], [19].
When cooperation is allowed between primary and CR users,
case (iii) above, cooperation becomes challenging since primary
users and CR users exhibit different priorities and may have se-
curity concerns for their own data. In [20], under the assump-
tion that CR users know perfectly the data of primary users,
it was shown that maximum rate can be achieved by simulta-
neous transmission of primary and CR user data over the same
frequency, where CR user data are jointly encoded with pri-
mary user data via dirty-paper coding techniques [21]. In [22],
a more realistic scheme was proposed where CR users utilize
spectrum holes only whenever available and help forward pri-
mary user data packets that have not been successfully received
by an intended destination. In this way, the need for data re-
transmission by primary users is eliminated which effectively
results in power savings. The scheme was further generalized
in [23] where, using dirty-paper coding techniques, CR users
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could embed and transmit their own data while forwarding un-
successful transmitted packets of primary user. In [24], a spec-
trum leasing scheme was proposed in which primary users may
lease whole owned bandwidth for a fraction of time to an ad hoc
network of secondary users based on decode-and-forward for-
warding scheme and distributed space-time coding. In [25], it
was proposed to deploy a “dumb” relay node in cognitive radio
networks to help relay primary or CR user signals to improve
network spectrum efficiency, where the protocol was analyzed
and optimized for a network model consisting of a pair of pri-
mary users and a pair of CR users.

In this paper, we consider active cooperation between pri-
mary users and CR users in heterogeneous networks. In contrast
with existing literature [20], we make a realistic assumption that
primary user data are neither known nor perfectly decoded by
CR users. We propose an active cooperation scheme between
primary users and CR users which allows for more robust (po-
tentially continuous) service/operation of the CR users in the
network. This is, again, in contrast with existing work [22]-[25]
where CR users transmit their own signals only if primary users
are idle, resulting in CR data transmission that may be inter-
rupted frequently. In the proposed protocol, primary users and
CR users cooperate for mutual benefit—CR users assist to relay
primary user signals in exchange for some spectrum released
by the primary users. We understand that successful delivery of
data at the lower possible power cost is, arguably, the most im-
portant objective of a primary user while the percentage of band-
width used for data transmission is not critical. As a result, the
primary user may release a portion of the bandwidth to the CR
user for transmission of'its own data. The amount of the released
bandwidth may directly depend on the CR user effort needed to
relay the primary user signals. Immediate benefits offered to the
primary user by the above cooperation protocol include trans-
mission power savings and on-air time reductions which can be
critical, for example, in low-probability-interception (LPI) and
low-probability-detection (LPD) military applications.

More specifically, in this paper we design a cognitive coop-
eration protocol that maximizes the primary user power savings
and the CR user own data transmission rate. First, we develop
an optimum power allocation scheme for the CR user that max-
imizes the CR user’s own data transmission rate for any given
power budget and a given bandwidth released from the primary
user. Then we determine a range of possible transmission power
levels for the primary user to operate without sacrificing its own
benefit in cooperation. We also find a necessary condition on
the channel quality that allows cooperation between the primary
user and the CR user. As it turns out, cooperation is triggered
only if the amplitude of the channel between the primary user
and the CR user is above a certain threshold. Numerical results
show that the primary user enjoys significant average power
savings as a result of the cooperation with CR users. It may
save power up to 80% compared to the noncooperation case (the
exact percentage of power savings depends on the channel con-
dition).

The rest of this paper is organized as follows. In Section II,
we specify a four-node cognitive radio network and describe
the proposed cognitive cooperation protocol. In Section III, we
optimize the CR user relaying power to maximize its own data
transmission rate, based on its power budget. In Section IV, we
discuss primary user options for cooperation, and determine a
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Fig. 1. Time-bandwidth allocation for PU and CR users.

minimum necessary power level as well as a maximum possible
power level for the primary user to initiate cooperation without
sacrificing its own transmission requirement. In Section V, we
compare various strategies for the primary user power alloca-
tion in terms of primary user power savings and CR user own
data transmission rate. Finally, some conclusions are drawn in
Section VI.

II. PROPOSED COGNITIVE COOPERATION PROTOCOL

For simplicity in presentation, we consider a basic four-node
cognitive radio network consisting of a pair of primary users and
a pair of CR users!. We assume that the bandwidth owned by the
primary users is W Hz. For each primary user, we also assume
that the target transmission rate is Rpy bits/s and the transmis-
sion power per unit frequency is P, Watts/Hz. If CR users are
available to assist with relaying primary user data, primary users
may release some spectrum to CR users for their own use, as
shown in Fig. 1. Specifically, let T denote the time duration that
a primary user is allowed to transmit data over bandwidth W
Hz. If a CR user is available to assist, then the primary user,
without compromising its target transmission rate, may decide
to transmit in only a part of the time slot (e.g., %) over a portion
of the bandwidth, W7 < W (Phase 1), hoping that cooperation
with a CR user and data relaying for the rest of the time slot
(Phase 2) may result in successful delivery of primary user data
to the intended destination. The immediate benefits of cooper-
ation for the primary user ate on-air time reduction and trans-
mission power savings. At the same time, the CR user assists to
relay primary user signals in exchange for some bandwidth, W,
Hz, released by the primary user.

Let us assume that the primary user utilizes bandwidth W; Hz
and releases bandwidth W> Hz to CR users (W7 + Wy = W).
Let x denote the signal transmitted by the primary user (source).
The transmitted signal may be received by both the intended
primary user (destination) and a nearby CR user (relay). The
received signals at the destination (i, 4) and at the relay (%)
are given by

)
(@)

where h, 4 and h. , denote the channels between the primary
source and the destination and between the source and the CR

Pihg gt 4 1s.a
Ysr =~ Plhs,'r'T + Ns v

Ys.d = -

IThe proposed cognitive cooperation protocol and the theoretical develop-
ment in this paper can be generalized to cognitive radio networks with more
primary users and more CR users, in which each primary user may choose sev-
eral CR users or the best CR user for cooperation.
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relay, respectively. The terms 7, 4 and 7, represent addi-
tive Gaussian noise and are modeled as zero-mean complex
Gaussian random variables, with an average power per unit
frequency Ny = 4.0 x 1072 W/Hz, (i.e., —174 dBm, which is
the typical noise power density at room temperature) [26].

In this paper, we propose to utilize amplify-and-forward
(AF), instead of decode-and-forward (DF), type coopera-
tion/relaying where CR users simply amplify and forward
primary user signals. Our choice is motivated by the fact that
decoding/encoding at the relay may compromise the security
and privacy of primary user data. Let us denote the CR relaying
power as P»; W/Hz (power per unit frequency). Then the
received signal at the destination is

Yrd = PQWl/Bh'Y’,dys,'r + Thr.d

where 3 = 1/+/P1|hs.|? + Ny is an normalization factor that
leads to received signal of unit average power. In (3), ~, 4 de-
notes the channel coefficient between the CR user and the pri-
mary user’s destination, and 7. 4 is additive Gaussian noise with
variance Ng. Substituting (2) into (3), we obtain

AV P1P2W1

)

Yrd = hs.rh a4+ 7:. 4
o ’ 131|hs,r|2 +-A[0 o } 4 ( )
where
g = /12 B dMsr 41 (5)
r,d \/m br.d s, r,d
which is 4 noise form with mean zero and variance
(% + 1)Np. The channels hy g4, hs, and h, g

are assumed to be independent complex Gaussian random
variables with mean zero and variances 62 ;, 62, and 53,(17
respectively. The channel variances depend on the distance of
the channel links as 6?7 ;= 47& -)7, where d; , is the distance
of a channel link, A is the carrier wavelength (e.g., when the
network operates at 1 GHz band, A = 0.3 m), and ~ is the path
loss coefficient. Without loss of generality we assume that the
antenna gain is 1. For outdoor wireless networks, reasonable
values for v are v = 2 for channel links high above ground
without multipath effects and v = 3 ~ 4 for channel links near
ground. At the destination, the signal from the primary user in
Phase 1 and the forwarded signal from the CR relay in Phase 2
are jointly decoded using maximum-ratio combining (MRC)
[27].

The capacity of the resulting cooperative AF relay channel
over bandwidth Wy Hz can be written as [6]

x logs |1+ %:0”2 +f (P1|hs,'r|27 P2,1|hr,d|2) (6)
where
F(Pilbs %, Pailheal®)
1 PPy 1|l B al? )

"~ No Pilhy P+ PoslhralP + No

is the signal-to-noise ratio (SNR) at the destination resulted
from the CR relaying. We note that the factor 1/2 in (6) is due
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to the fact that the primary user utilizes only the first half of
the time slot to transmit signals while the CR user utilizes the
second half of the time slot to forward signals over the same
bandwidth W7 Hz (Fig. 1). To meet the primary user target
transmission rate, Coop should be no less than Fpy bits/s, i.e.,

C4coop Z RPU~ (8)
The requirement in (8) implies that the bandwidth needed for
the primary user should satisfy

2R
Wy > PU )

logy |1+ PUEE o f (PR 2, Palheal?)]

Then, the primary user may release the remaining bandwidth
W — Wi Hz to CR users.

On the other hand, we understand that without any CR re-
laying, the primary user original transmission power Py (Watts
per unit frequency) must satisfy

Polhs.al?
W log, (1+ LA'[*" ) = Rpv (10)
No
ie.,
No Rpyu
P (2 ? —1). 1
0 |hs,d|2 w (11)

Thus, in the absence of the relaying, the primary user data trans-
mission takes place over the whole time slot 7°, and the primary
user energy consumption amounts to Py W1 joules. However,
when CR relaying takes place (Fig. 1), the primary user trans-
mits only in the first half of the time slot, so its energy consump-
tion is only ;W1 % joules. In this case, the rate of the primary
user energy savings, defined as the ratio of the energy savings
over the original energy consumption, is given by

W

=1- .
2Py W (12)

A BOWT — PLW, %
- PWT

Therefore, if the primary user maintains the transmission power
level Py (i.e., P, = Fy), then cooperation between the primary
user and a CR user results in primary user energy savings of rate
given by the following expression:

w1

dP=1—-—

2W (13)

From the above ratio, we can see that the less the bandwidth
W that the primary user occupies [of course, it should satisfy
the minimum bandwidth requirement in (9)], the more energy
savings for the primary user. Note that in the calculation of pri-
mary user energy savings, we ignore the energy that the pri-
mary user spends on negotiating with the CR user in order to
establish cooperation. A side benefit of using less bandwidth
and shorter transmission time is the direct improvement of the
LPD/LPI characteristics of the communication link that appears
to be especially critical in military applications.

At the same time, the CR user can use the released band-
width Wy = W — W; Hz for its own data transmission. Let
us assume that the CR user has an energy budget equal to Ecr
joules, and let us denote the power level used for CR user own
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data transmission as P> » Watts/Hz (transmission power per unit
frequency). Then, Ps » should satisfy

T
P271VVl§ + P o WoT = Ecn (14)

or equivalently

= Pcr (15)

1

§P2,1W1 + Po oWy
where Fcr is the average transmission power of the CR user
in the time duration 7. Thus, the CR user’s potential own data
transmission rate is

RCR = VVZ 10g2 (1 + —|hc |2) (16)

where hcgr is the channel between the CR user and its own
destination. We immediately observe a tradeoff. The more CR
power is allocated to the relaying of primary user signals, the
more bandwidth gets released to the CR user who, now, has less
remaining power for its own data transmission. So, the CR user
has to determine how much power should be allocated to the
relaying process to maximize its own data transmission rate.

III. CR USER: RELAYING POWER OPTIMIZATION

In this section, given a CR user power budget, we propose
a power allocation scheme that determines the CR power level
that is used for relaying primary user signals and the power level
that is used for CR user own data transmission. More specif-
ically, for any given CR power budget Pcg, let & denote the
ratio of the CR power allocated to assist with relaying primary
user signals over the CR power budget, i.c.

%PQJVVl = (MPCR_, and P272W2 = (1 — (X)PCR (17)
where @ € [0, 1]. We note that, if « is too small, the allocated
relaying power may not be enough to trigger cooperation and
consequently no bandwidth is released from the primary user.
On the other hand, if « is large, the remaining power may be
insufficient for CR user’s own data transmission. Motivated by
the above observation, we propose a power allocation scheme
that selects the power ratio & to maximize the CR user own data
transmission rate, subject to any given CR user power budget
and a range of values of potential bandwidth released from the
primary user.

For any given ratio « € [0, 1], based on (9) and the fact that
%Pg,lWl = aPcR, the corresponding relaying power P 1 can
be determined by the following:

P 1Rpy
logy [1+ Bt - (Pl 2, Polheal?)]

= aPcr (18)

where f(Py|hs.»|?, Pa1lhea|?) is specified in (7). If we define

Pl|hs,d|2
No

2

G(z) = 1In {1 + + f(Pllhs,rlr“ﬂmlh/r,dIZ)}

R In2
_ pU 1 (19)

(NPCR
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then the proper relaying power P> can be determined by
solving the equation G(FP2 1) = 0. For simplicity of presenta-
tion, let us denote

P1|hs d|2 Pl|h.s.r|2
a=14+—F7— b =—,
No ' No

Pilhs |2 Rpuln2

by = 1P | :‘NO _ fipuln 20)
1% aPcr
then the function in (19) can be written as
bl$

G(z)=1 — cx. 21
(x) n(a+b2+w) o 21

The following Lemma identifies two properties of the function
G/(x) that play akey role in solving G(P» 1) = 0 and thus deter-
mining proper relaying power level 5 1 (the proof is included
in Appendix I).

Lemma 1: For any given ratio @ € [0, 1] of the CR power
allocated to the relaying of primary user signals over the total
CR power budget, let

—(2a + b1)b2 + \/b%bg + 4(a + by ) b2

¥ =

(22)

where a, b1, bs and ¢ are specified in (20). Then the function
G(z) in (21) exhlbits the following properties:
i) Ife < ab , the function G(x ) is increasing for 0 < z <
z*, and decreasmg forz > x*
ii) If ¢ > -4, the function G(x) is decreasmg forz > 0.
Furthermore, the equation G(z) = 0 has a unique positive so-
lution, denoted as g, which is located in the following range:

L Ina
max {x", — | <xg <
c

From Lemma 1, we can see that for any given ratio « € [0, 1],
the equation G(P5 1) = 0 has a unique positive solution within

the interval [max(x*, 122), M] Since the function G(x)
In(a +b1) ]

ln(a:— b1) . 23)

is decreasing over the interval [max(z*, ), the so-

lution of G((2) = 0 can be easily determmed by the Newton
method. Therefore, we can determine a unique relaying power
P51 from the equation G(P, 1) = 0, where the function G(z)
is defined in (19), for any given power ratio « € [0, 1].

With the proper relaying power P» ; determined by solving
the equation G(P» 1) = 0 for any given ratio « € [0, 1], ac-
cording to (9), a corresponding minimum bandwidth W3 can be
determined as

Wy =

2Rpty
IAWE (24)

logy [1+ L™ & f(Pilhy s 2. Potlhnal?)]

If W7 > W, then there will be no cooperation since the primary
user target data rate cannot be achieved. So, the CR user has to
choose a power ratio « such that the corresponding bandwidth
W1 is not lager than the total bandwidth W. Once W7 (W; <
W) is determined, the bandwidth that can be released to the CR
user is Wy = W — Wi, Then, (17) implies that the CR user
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Fig. 2. CR user (own) data rate as a function of the ratio of CR user relaying
power over CR total power budget. dsy = d.¢ = 1 Km and d;,. = 500 m.

power Ps » that is used for its own data transmission should
satisfy the following:

_ (1 — ()Z)PCR
Poy = ot (25)
Substituting (25) into (16), the CR user’s own data transmission
rate is then given by

(1 — O‘)PCR

Regr = (W — W) le 1+ —->2=—|h
cr = ( 1) log, +(W_W1)NO|7CR

*l (@6

which should be maximized by selecting proper power ratio .

In Fig. 2, we plot the CR user rate for the transmission of
its own data as a function of power ratio @ (0 < o < 1). We
assume that the primary user has total bandwidth W = 1 MHz
and target data rate Rpy = 1 Mbits/s, while the CR user has a
power budget Pcr = 10 dBm. The network operates at 1 GHz
band and the path loss coefficient is v = 2. In this example,
we consider the scenario where the primary user maintains the
same transmission power level (i.e., P; = F;) based on (11).
We assume that the distance between the primary user and its
destination is 1 Km, the distance between the primary user and
the relaying CR user is 500 m, and the distance between the CR
user and the destination is 1 Km. Moreover, we assume that the
channels suffer path loss which depend on the distance of the
channel links as ( 47&_ -)2. We plot the CR user own data rate
for three different valties of the distance between the CR user
and its own destination, namely 500 m, 1 Km and 2 Km. From
the figure, we can observe that the optimum ratio of the relaying
power over the total power budget is 0.61, 0.56, and 0.50 for the
cases of dor = 500 m, 1 Km, and 2 Km, respectively. For this
system, the corresponding energy saving for the primary user
due to cooperation is 58%, 57.8%, and 57.3%, respectively.

In Fig. 3, we repeat the same study as in Fig. 2, with the only
difference that the distance between the primary user and the
relaying CR user is 100 m. We observe that the optimum ratio of
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Fig. 3. CR user (own) data rate as a function of the ratio of CR user relaying
power over CR total power budget. d., =, =1 Kmand d,, = 100 m.

the relaying power over the total power budget is 0.42, 0.36, and
0.29 for dcg = 500 m, 1 Km, and 2 Km, respectively. For this
system setup, the corresponding energy savings for the primary
user due to cooperation is 78%, 77%, and 75%, respectively.
Direct comparison of Figs. 2 and 3 show that the smaller the
distance between the relaying CR user and the primary user, the
more the primary user power savings due to cooperation, and
the higher the CR user own data rate.

IV. PRIMARY USER: COOPERATION OPTIONS

The primary user has priority to decide whether or not to co-
operate with the CR user. As the spectrum owner, the primary
user is the one who decides how much spectrum to release and
what level of its own transmission power to use. Let the trans-
mission power that the primary user decidgs to use be equal to
Py = ( Py Watts/Hz, where Py = MLSP(Z% —1) Watts/Hz is
its original transmission power (before a decision to cooperate is
made), and ¢ is a parameter to be determined. In the following,
we determine the range of the parameter ¢ and examine its im-
pact on the primary user energy savings, as well as the CR user
own potential data rate.

First, we determine the minimum value of the parameter , or
equivalently the minimum necessary transmission power of the
primary user, below which its target data rate cannot be guar-
anteed regardless of the amount of the CR user effort to relay
primary user signals. Since the total bandwidth is W Hz, based
on (9), we have

W > W
2Rpr
Z (Po‘hu d|2 . oL * (27)
logy [1+ G2 F(CPolhs |2, Palhral?)]
Thus, we have a constraint on ( as follows
Polhy al? 2RpL
Polndl oy Pyl 2, Poslhnal?) > 25— 1. 28)

No
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From (7), we observe that (due to the fact that ﬁ_—'} <
min{A, B} for any positive 4 and B)

F(CP|hsrl?, Poalheal?)

Polhs |2 Poilhyal?
<min{C OJV-(‘)’ | ; 271/|\/’0?d| } (29)

and f(CPolhs.r|?, Pa1|hy.a|?) is an increasing function in terms
of the power P> ;. Note that the upper bound in (29) is tight
for moderate or high power level. Moreover, when the CR re-
laying power P is high enough, f(¢Polhs »|%, Po1|hral?)

converges to W From the above observation and (28),
we have
2 2 2Rpy
CH)(|h’S,d| + |hS,T‘ ) 2 2_]‘;5[ _ 1 (30)
Mo
Therefore, the parameter ¢ is lower bounded as
h d|2 Ztpr
> miné|&+(2 w +1) 31
Q - C |hsvd|2 + |hs,r|2 ( )

which is the minimum value of the parameter that the primary
user may consider, i.e., the primary user transmission power
should not be less than (,,,;,, Py Watts/Hz.

Next, we evaluate the maximum value of the parameter ¢
that the primary user may choose to determine its transmission
power. Beyond that value, the primary user cannot save any en-
ergy from cooperation, and for this reason there is no incentive
to cooperate with the CR user. Since the average transmission
power of the primary user over the bandwidth W; is %Pl Wy
(which should not be larger than Py W), it is implied that

(PoRpu
log |1+ SRRt 4 F(CPolha 2, Paalhal)]

< P,W.
(32)

Since f({Polhs.|?, Pa.1|heal?) is upper bounded by —<P“|h -l ,
we have

W
¢ < . (33)
logiy [1 4§82 (al? + [ho )]~ FiPU
Substituting Po = th‘z (2% — 1) into the above inequality,
we obtain another constraint for the parameter ¢
¢ w

) < g 69

2 Fpyu
= v

hs x|’
logs [1 + ¢ (1 + |‘h5:d|\

Let us denote the left-hand side (LHS) of the above inequality
as

A ¢
MO= v ea )
where
_ |h'sm|2 Zeu
A= (1+ |hs,d|2> (2 _ 1). (36)
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The function F(¢) has the following property (the proof is in-
cluded in Appendix II).

Lemma 2: The function F'(¢) in (35) is increasing for any
¢ > 0. Moreover, F(uin) < % if and only if

Itpr

27w

s, | |hqd|2 37

which is a necessary condition for cooperation.

From Lemma 2, we can see that the LHS of the constraint for
the parameter ¢ in (34) is an increasing function of ¢, and it goes
to infinity when ¢ goes to infinity. Thus, if F'((pin) < W ,then
there exists a unique solution, denoted as (inax, Satlsfymg the
constraint in (34) with equality, and the solution can be easily
obtained by using the Newton method. Then, the maximum
transmission power that the primary user can use without sacri-
ficing its own benefit in cooperation 1S Cinax Po Watts/Hz. On the
other hand, if F'((inin) > 1?— it implies that there is no param-
eter § > (min satisfying the constraint (34), and thus the primary
user cannot gain any power savings from cooperation. There-

.. . . "17
fore, a necessary condition for cooperation is F/((yin) < Bro

Rpr

which is equivalent to | A |? > 2‘_“2—*1 |hs.4|?. In other words,
the channel between the primary user and the CR user, A, .,
should be reasonably good to enable cooperation. If the channel
hs, is bad, the primary user cannot benefit any power savings

to cooperate with the CR user.

V. PRIMARY USER: TRANSMISSION POWER
ALLOCATION STRATEGIES

As shown in the previous section the primary user may
choose any value of the parameter ¢ (Cmin < ¢ < Cmax) tO
determine its transmission power ( Py Watts/Hz in cooperation.
In this section, we compare different strategies for the selection
of the primary user transmission power in terms of resulting
primary user power savings and corresponding maximum
transmission rate for CR user data. In all simulation studies,
we assume that the network operates at the 10 GHz frequency
band and the primary user has total bandwidth W = 1 MHz
and a target data rate Rpy = 1 Mbits/s.

In Figs. 4 and 5, we plot the primary user power savings as
well as the corresponding maximum transmission rate for CR
user own data by varying the power parameter (((pin < ¢ <
Cmax)- We assume that all the channels have distance of 1 Km,
except for the distance between the primary user and the CR user
which is ds, = 500 m and 100 m in Figs. 4 and 5, respectively.
Moreover, we assume that the channels suffer only path loss
which depend on the distance of the channel links as ( ;- 3 )Y
and v =2. In each figure, we consider two different values of CR
user power budget, namely Pcr =20 dBmand Pcgr = 10 dBm.
For any given primary user power parameter {, the primary user
power savings is calculated based on the optimized CR relaying
power as determined in Section III. We observe that the primary
user power savings can be up to 70% in Fig. 4 where d, ,, = 500
m and the power savings can be up to 90% in Fig. 5 where d;; , =
100 m. The smaller the value of the power parameter ¢, the more
the power savings of the primary user and the less the benefits
for the CR user. On the other hand, the larger the value of the
parameter (, the less the power savings of the primary user and
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the more the benefits for the CR user. In Figs. 4 and 5, we also
plot the maximum transmission rate of the CR user own data
as a function of the power parameter ¢ for two different values
of CR user power budget, i.e., Pcrg = 20 dBm and Pcg = 10
dBm. We can see that the CR user own data rate increases when
the primary user’s transmission power level is increased, but the
increasing of the CR user data rate is not linear.

As the spectrum owner, the primary user has the priority to
set its transmission power level for cooperation by choosing
the power parameter ¢ (Cuin < ¢ < Cuax). It can be either
aggressive, moderate, or generous. We compare the following
schemes:

e Scheme A: P; = (Fy with { = (in

e Scheme B: P; = (Fy with ( = (jnax

e Scheme C: P, = (Py with{ = 1

e Scheme D: P, = (F, with { = 2

+ Scheme E: P; = (Py with ¢ = max({pin, 1)
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In Scheme A, the primary user chooses the minimum necessary
transmission power level, so it gains the most in power savings
and the benefit for the CR user is minimum, which is the most
aggressive strategy for the primary user. In Scheme B, on the
other hand, the primary user chooses the maximum transmission
power level, so it gains the least in power savings and the benefit
for the CR user is maximum—that is the most generous strategy
on behalf of primary user. Figs. 4 and 5 show a power parameter
¢ = 1-2 can be a good choice for the primary user as it captures
most of the power savings and the corresponding CR data rate
reaches almost its maximum—this is the rationale for Schemes
C and D. When ¢ = 1, it means the primary user considers the
same transmission power level as in a noncooperation situation.
Scheme E is a combination of Scheme A and Scheme C which
can be a good tradeoff for the primary user power savings and
the CR user own data rate as shown later.
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transmission power level in fading environment, ¢, = 500 m.

In Figs. 6 and 7, we compare the performance of Schemes
A-E in terms of primary user power savings and the corre-
sponding CR user data rate in nonfading environment. We
assume that all the channels have distance of 1 Km, except for
the distance between the primary user and the CR user which is
ds» = 500 m in Fig. 6 and d. = 100 m in Fig. 7, respectively.
Moreover, we assume that the channels depend on the distance
of the channel links as ( 4”3 )2. The primary user power
savings and the correspondingJCR user data rate are shown
with different CR power budget. We can see from both figures
that Scheme A leads to the best performance to the primary user
power savings but the worst to the CR user data rate. Scheme
B gives the best performance to the CR user data rate but the
worst to the primary user power savings. The performance of
these two schemes provides benchmark or guideline for the
primary user. The performances of other schemes fall into
the range of the two benchmark schemes. The performance
of Scheme C and Scheme D are moderate. It is interesting to
observe that with Scheme C, i.e., the primary user maintains
the same transmission power as that in a noncooperation case,
the primary user can save power up to 42% and 85% in Figs. 6
and 7, respectively. Moreover, the performance of Scheme E is
the same as that that of Scheme C in this nonfading scenario.

In Figs. 8 and 9, we compare the performance of Schemes
A-E in terms of the average primary user power savings and the
corresponding average CR user data rate in a Rayleigh fading
environment. We assume that all channel links are independent
Raleigh fading links with variances depending on link distance
as ( 47&_ -)2. All the channels have distance of 1 Km, except for
the distance between the primary user and the CR user which is
ds. = 500 m in Fig. 8 and dg,. = 100 m in Fig. 9. The average
primary user power savings and the corresponding average CR
user data rate are shown in terms of different CR power budget.
From both figures, we can see that Scheme A gives the best
performance to the average primary user power savings but the
worst to the average CR user data rate. Scheme B gives the best
performance to the average CR user data rate but the worst to
the average primary user power savings. The performances of
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Fig. 9. Comparison of different strategies for the primary user to choose its
transmission power level in fading environment, d.,, = 100 m.

other schemes fall into the range of the two benchmark Schemes
A and B. It is interesting to observe that with Scheme C, i.e., the
primary user maintains the same transmission power as that in
the noncooperation case, the primary can save average power up
to 33% and 78% in Figs. 8 and 9, respectively. Scheme E takes
advantage of both Schemes A and C. It shows that in terms of
the average CR user data rate, Scheme E performs almost the
same as Scheme C. However, in terms of the average primary
user power savings, the performance of Scheme E is much better
than that of Scheme A. Therefore, Scheme E is a good choice
for the primary user in fading scenario.

VI. CONCLUSION

In this paper, we proposed a cognitive cooperation protocol
for cognitive heterogeneous ad-hoc networks, in which primary
and CR users may actively cooperate for mutual benefits. CR
users may assist to relay primary user signals in exchange for
some spectrum released by the primary users. We determined
an optimum power allocation scheme for the CR user to allocate
relaying power level. For any given CR user power budget and a
given bandwidth released from the primary user, our algorithm
maximizes the CR user own data transmission rate. We also de-
termined a necessary condition on the quality of the channel
between the primary user and the CR user for them to coop-
erate. It turns out that to enable cooperation, the amplitude of
the channel between the primary user and the CR user has to
be above a certain threshold. Immediate primary user benefits
due to cooperation are transmission power savings and on-air
time reduction. We note that the primary user has the priority to
choose its transmission power level during cooperation while
the amount of bandwidth released is based on the order of its
power savings. We have designed a methodology that evalu-
ates a minimum necessary power level and a maximum possible
power level that the primary user may choose during coopera-
tion without sacrificing its own target rate. Extensive numerical
and simulation studies illustrated our theoretical developments
and showed that, when compared to a noncooperation scheme at
the same transmission power level, the primary users may enjoy
significant power savings (for example up to 33% and 78%) due
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to cooperation. Note that in this paper, to better present and un-
derstand the basic idea, we ignore the overhead energy that pri-
mary users and CR users spend on interacting to establish coop-
eration. However, our theoretical development and optimization
can be easily extended to include the overhead energy spent on
establishing cooperation.

APPENDIX [
PROOF OF LEMMA 1

The derivative of the function G(x) in (21) is

: = i —-c 38
Or a+ bzl_:n (by + )2 (38)
We can see that dC(*) > 0 is equivalent to
blfL‘ b1b2
by +1)° < — 39
(04 22 ) o < 2 (39)
ie.,
2 g bib
(a + b1)a” + (20 + by )bow + ab; — — < 0. (40)
The inequality in (40) can be solved as
7(2a-|-bl)b;) — \/Z 7(2(L+bl)b2 ‘|‘\/Z (41)
2(a+ by) 2(a 4+ by)
where
. 272 g biby
A= (2a+b1)b; —4(a+by) | abs — —=
¢
. b1 b:
= b33 + 4(a +b1) 2 (42)
With the notation
. —(2a+b)by + \/b%bg +4(a + by ) b2
4 —
2(& + bl)
we can see that z* > 0 is valid if and only if ¢ < ;’Tl There-

fore, when ¢ < ab,— according to (39)—(41), we conclude that
dC(.L)

> (0 for any = within the interval 0 < z < z¥, i.e,
the function G(x) is 1ncreasmg within the interval 0 < z < z*.
Furthermore, when ¢ < - based on (39)—(41) we can also see

that C)G(‘) < 0 for any z > x*, i.e., the function G(x) is de-
ceasmg for any x > z*. Onthe other hand when ¢ > bl which

implies * < 0, from (38)—(41) we can see that a((;)i < 0is
true for any = > 0, i.e., the function G(x) is decreasing for
x > 0 in this case.

From the above discussion, we know that the function G(x)
is decreasing for any > max(z*,0). Since G(0) = lna >
0(e > 1) and G{x) — —oc when z goes to oo, we conclude
that the equation G(xz) = 0 has a unique positive solution. Let
us denote the positive solution as xg, then according to (21), it
must satisfy

bixg
In (a + ,))er)
- .

Ty =

(43)
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Since 0 < bbfﬁ < b1, so
o oo latb) (44)
c
Therefore, we prove the Lemma completely. ]

APPENDIX II
PROOF OF LEMMA 2

First, we would like to show that the function F'(¢) in (35) is
increasing for any ¢ > 0. The derivative of the function F(¢) is

6F(C) . lIl( +CA) - 1+<A
¢ In%*(1+C¢A)

Thus, it is sufficient to show that the numerator in(45)is positive

forany ¢ > 0. Let us further denote F(C) = In(14+¢A)—
and we have

(45)

1+<4’

OF(Q _ A A4
¢ 14+CA  (1+¢A)?

()F(C)

(46)

Since A is positive, we observe that > 0 forany ¢ > 0,

which implies that F(¢) is increasing for any ¢ > 0. Since
F(0) = 0, so we can conclude that F'(0) is positive for any
¢ > 0. Therefore, the function F'(¢) is increasing for any ¢ > 0.

Next, we determine the necessary condition for the primary
user and the CR user to cooperate. For any possible parameter
¢, it should satisfy the constraint (34), otherwise the primary
user cannot gain any power savings from the cooperation. So,
the minimum parameter (,,,;,, in (31) should also satisfy the con-
straint (34), which leads to a necessary condition for cooperation
as

%4
Rpu’

F(Cmin) < (47)

ie.,
Cmin
‘hs,r‘z
10g2 1 + Crnin 1 + ‘h_s,d‘g

w
< . (48
< oo (49

) (2% 1))

By substituting the minimum parameter ¢,,,;,, (31) into the above
inequality, it is not difficult to show that the inequality in (48) is
equivalent to

2% 1

[ 2 ——5—Ihs.al. (49)

Therefore, we prove Lemma 2 completely. O
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