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In this paper, an interference channel with a cognitive relay (IFC-CR) is considered to achieve spectrum sharing
between a licensed primary user and an unlicensed secondary user. The CR assists both users in relaying their
messages to the respective receivers, under the constraint that the performance of the legacy primary user is not
degraded. Without requiring any non-causal knowledge, the CR uses a successive interference cancellation to first
decode the primary and secondary messages after a transmission phase. A power allocation is then performed to
forward a linear weighted combination of the processed signals in the relaying phase. Closed-form expressions of the
end-to-end outage probability are derived for both primary and secondary users under the proposed approach.
Furthermore, by exploiting the decoded primary and secondary messages in the first phase, we propose the use of
dirty paper coding (DPC) at CR to pre-cancel the interference seen at the secondary (or primary) receiver in the
second phase, which results in a performance upper bound for the secondary (or primary) user without affecting the
other user. Simulation results demonstrate that with a joint consideration of the power control at the secondary
transmitter and the power allocation at CR, performance gains can be achieved for both primary and secondary users.
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1 Introduction

1.1 Background and related work

Consider a spectrum sharing system, as shown in Fig. 1,
where two interfering users co-exist with a cognitive relay
in the same frequency band. For both users to operate
properly, the cognitive relay [1, 2] assists in forwarding
the messages from both transmitters to their respec-
tive receivers [3—-6] and at the same time coordinates
the mutual interference. This constitutes an interference
channel with a cognitive relay (IFC-CR), which has been
intensively studied from an information-theoretic per-
spective [7-15].

A two-user symmetric Gaussian IFC-CR was first intro-
duced in [7], where the CR was assumed to be full
duplex and adopt a decode-and-forward (DF) process-
ing. Through rate splitting [16] at both sources and joint
decoding at each destination, an achievable rate region
was obtained. Then, this achievable rate was improved
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in [8] by performing sophisticated coding strategies that
require non-causal information of both transmitters at the
CR prior to information transmission. By combining the
Han-Kobayashi coding scheme [16] for interference chan-
nels with dirty paper coding (DPC) [17], a generalization
of the achievable rate region obtained in [8] was derived
in [9]. In [10], an outer bound for the capacity of a general
IFC-CR was first derived. New inner and outer bounds
for the capacity of IFC-CR were derived later in [11-15],
under various conditions.

A Gaussian interference channel with an out-of-band
relay was investigated in [18, 19] where the relay was
assumed to operate over orthogonal bands to the under-
lying interference channel. In [18], the entire system was
characterized by two parallel channels, namely a Gaus-
sian interference channel and a Gaussian relay channel.
To characterize the capacity, relay operations were opti-
mized with separable or nonseparable encoding between
the interference channel and the out-of-band relay chan-
nel. In [19], the impact of the out-of-band relay channel
and the corresponding signal interactions on the capacity
were investigated under general channel conditions.
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Fig. 1 An interference channel with a cognitive relay (IFC-CR) where
the CR has perfect non-causal knowledge of the messages originated
from both transmitters
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In the above works, the two interfering users are
assumed to be part of the peer users in the same radio
system. A question that arises is as follows: what if the
two interfering users belong to different radio systems that
are of different priorities. In view of the mutual interfer-
ence between the two users and the inherent cognition
and cooperation ability equipped at the CR, it is natural
to evaluate IFC-CR under a cognitive spectrum shar-
ing setup between, e.g., a licensed primary user and an
unlicensed secondary user [20-23]. Under such circum-
stances, we assume that the CR belongs to the secondary
system or a third-party agent. Then, instead of character-
izing the capacity or sum rate of the entire system as in
[7-15], it is more pragmatic to enhance the performance
of the secondary user under the constraint that no harm is
caused to the legacy primary user [24—26].

A spectrum sharing protocol was proposed on the inter-
ference channel in [26]. With the assumption that the
secondary transmitter has non-causal knowledge of the
codewords originated at the primary transmitter, achiev-
able rates of the secondary user were characterized under
the constraint that no rate degradation was created for the
primary system. As a variant of [26], a spectrum sharing
protocol was proposed between a primary and a sec-
ondary user on an IFC-CR in [27]. With the assumption
that non-causal knowledge of the primary codewords is
available at both the secondary transmitter and the CR, an
enhanced throughput was achieved for the secondary user
without degrading the throughput of the primary user.
In [28], a spectrum sharing protocol was proposed on an
IFC-CR where the CR helps both the primary and sec-
ondary transmissions. A DF relay protocol was considered
where only when both primary and secondary messages
are successfully decoded at CR, they are forwarded in
the second phase with a certain power allocation. Condi-
tioned on the decoding results at CR, the received SNR
at each receiver was analyzed, through which an upper
bound of the outage probability was derived. In [29], an
opportunistic adaptive relaying protocol is proposed on
IFC-CR, where CR is able to determine when to coop-
erate with the primary user, when to cooperate with the
secondary user, and when to cooperate with both users
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simultaneously. An upper bound of the secondary outage
probability was derived under a primary outage prob-
ability threshold. In [30], an amplify-and-forward (AF)
relay protocol was performed at CR to help relay the
signals of both primary and secondary users over indepen-
dent Nakagami-m fading channels. Assuming there are no
cross links between primary and secondary users, end-
to-end outage probabilities of the primary and secondary
users were obtained. Simulation results demonstrated a
performance gain for both primary and secondary users.

1.2 Our contributions

Motivated by the above works, we propose a causal cog-
nitive spectrum sharing protocol on a fading IFC-CR [31].
As depicted in Fig. 2, both primary transmitter (PT) and
secondary transmitter (ST) transmit simultaneously in the
first phase. Without requiring non-causal knowledge of
the messages from PT or ST, CR attempts to decode both
messages using successive interference cancellation (SIC)
[32]. To compensate the interference seen at the primary
receiver (PR) that is caused by cross talk, we consider a
power allocation scheme at CR. To be specific, a hybrid
AF-DF relay protocol [33] is considered such that when
at least one of the two messages is successfully decoded,
a fraction o, 0 < o < 1, of the transmit power of CR
is used to forward the primary signal, with the remain-
ing power to forward the secondary signal, in the second
phase. If however, neither of the messages is decoded, the
CR simply stays silent and both PT and ST perform a
retransmission simultaneously in the second phase.

At the end of the second phase, by exploiting the
received signals in two phases, maximal-ratio combining
(MRC) is employed at PR to decode the desired mes-
sage. Without incurring additional overhead to the legacy

2nd phase

—» desired information

fffff > interference

Fig. 2 The proposed causal cognitive spectrum sharing protocol on
an IFC-CR where the entire transmission process is divided into two
transmission phases sequentially
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primary system, we assume that PR is only aware of a relay
terminal but oblivious of the secondary system [20-23],
thus the component of the secondary signal is simply
treated as noise at PR [24-26]. This provides a perfor-
mance lower bound for the primary system compared to
the cases with sophisticated decoding strategies. On the
other hand, at the secondary receiver (SR), by exploit-
ing the received signals in two phases, SIC is employed
to decode the desired message. The contributions of this
paper are summarized as follows.

¢ In decoding the mixed signals using SIC, we define an
event to describe whether a specific message can be
successfully recovered. In order to illustrate the
correlation between the successive events in
decoding mixed signals, we introduce a graphical
representation by which each event can be
represented by the corresponding region in a 2-
dimensional (or 3-dimensional) graph. On this basis,
by integrating over the respective regions of events,
accurate closed-form expressions of the end-to-end
outage probability can be derived for both primary
and secondary users under the proposed protocol.

e Without requiring non-causal knowledge, CR
attempts to decode both primary and secondary
messages after a first transmission phase in the
proposed protocol. For the case where both messages
are successfully recovered at CR after the first
transmission phase, in order to further mitigate the
mutual interference, we propose using DPC at CR to
pre-cancel the interference seen at PR or SR in the
subsequent relaying phase. Numerical results
demonstrate a performance upper bound for the
primary (or secondary) user, without affecting the
performance of the other user.

e To guarantee that no harm is caused to the primary
system, besides the power allocation performed at CR
to forward the primary and secondary messages
respectively, we find that a power control at ST is also
needed to facilitate the SIC decoding at CR as well as
to limit the interference caused to PR. Numerical
results demonstrate that with a proper design of the
power allocation at CR and the transmit power at ST,
the secondary user is allowed to access the licensed
spectrum and at the same time performance gains can
be achieved for both primary and secondary systems.

The rest of this paper is organized as follows. Section 2
describes the system model, where the two successive
phases are discussed and the end-to-end outage proba-
bility of IFC-CR is defined. In Section 3, based on the
possible decoding results at CR in the first transmis-
sion phase, the corresponding performance at PR and
SR in the second phase is analyzed. By exploiting the
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decoded messages, in Section 4, we propose using DPC at
CR, which provides a performance upper bound. Simula-
tion results are presented in Section 5 where the effects
of different parameters are evaluated. Finally, Section 6
concludes the paper.

2 System model and protocol description

As shown in Fig. 2, we consider an IFC-CR where a ST/SR
pair co-exists with a PT/PR pair in the same frequency
band with the assistance of a CR. It is assumed that all
nodes operate in half-duplex mode and the channels expe-
rience independent block Rayleigh fading. For notational
simplicity, we let /,, and &g denote the coefficients of
the direct channels from PT—PR and ST—SR, let /s
and /g, denote the coefficients of the cross interfering
channels from PT— SR and ST— PR, and let /1, kg, hyp,
and /1,5 denote the coefficients of the relay channels from
PT—CR, ST—-CR, CR—PR, and CR— SR, respectively.

Then, we have the channel coefficient /;; ~ CN (0, 5l,lfl>’

where ij € {pp,ss,ps,sp,pr,sr,rp,rs} and Bi]f 1 denotes
the corresponding average channel power gain. By letting
Vi = |h,j|2, vij follows an exponential distribution that
Yi ~ exp (Sij) [34]. For ease of exposition, we assume
that the additive white Gaussian noise (AWGN) ng is of
zero mean and with unitary variance at each receiver.
Any channel can be reduced to this normalized form. The
transmit powers at PT, ST, and CR are denoted as Pp,
Pg, and Pp, respectively. x, and x; denote the messages
originated at PT and ST, with target rates R,; and Ry,
respectively. For easy reference, we summarize the abbre-
viations, notations, and symbols that appear in this paper
in Table 1.

As shown in Fig. 2, in order to maintain the causality of
the system, we divide the entire transmission process into
two phases as discussed in the following.

2.1 First transmission phase

In the first phase, both PT and ST transmit their respec-
tive messages simultaneously. Then, the corresponding
received signal at PR, SR, and CR is given as

9(1) = hyjy/Ppxy + hyjy/Psxs + no, j € {ps,r}. (1)

In order to recover x, and x; that are mixed together, SIC
is performed at CR. Then, for the decoding results of x,
and x;, we define the following possible events that are
mutually exclusive:

1. €W = (Both xp and x; are successfully decoded at
CR};

2. €?) = {Only x,, is successfully decoded at CR};

E® = [Only «; is successfully decoded at CR};

4. £ = {Neither of xp and x; is successfully decoded
at CR}.

w
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Table 1 A summary of abbreviations, notations, and symbols

SIC Successive interference cancellation
IFC-CR Interference channel with a cognitive relay
DPC Dirty paper coding
AF/DF Amplify-and-forward/decode-and-forward
PT/PR Primary transmitter/primary receiver
ST/SR Secondary transmitter/secondary receiver
MRC Maximal-ratio combining
AWGN Additive white Gaussian noise
Xp Signal transmitted from PT
Xs Signal transmitted from ST
Xy Signal transmitted from CR
Yp Signal received at PR
Vs Signal received at SR
Vr Signal received at CR
no AWGN that is with unitary variance
hij Channel coefficient of link i — |
Vi = \h,-jlz Channel power gain of link i — j
exp(8) An exponential distribution with mean §~!
Pp Transmit power at PT
Ps Transmit power at ST
Pg Transmit power at CR
Rpt Target rate at PT
Ryt Target rate at ST
EE An event and its complementary event
Pr{&} Probability of event €
Op End-to-end outage probability of the primary system
Os End-to-end outage probability of the secondary system
o Power allocation factor at CR
0 Ratio between Ps and Pp
T Ratio between 85" and 8,
0 Ratio between 8., and &,

The corresponding probabilities are defined as Pr { & (1)},
Pr {5(2)}, Pr {5(3)}, and Pr {5(4)} that will be derived in
Section 3.1.

2.2 Second transmission phase

When at least one of x,, and x; is successfully decoded by
CR, a power allocation is performed to forward a linear
weighted combination of x, and x; in the second phase.
Otherwise, CR simply stays silent and both PT and ST
perform retransmissions simultaneously.

2.2.1 Conditioned on event £V
In the second phase, CR broadcasts a composite message

Xy = aPrxy ++/ (1 — o) Pris, (2)
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where @ € (0, 1) is the power allocation factor for relaying
the primary message x,,. Then, the corresponding received
signal at PR and SR is given as

¥i(2) = hr]‘\/OéPRxp +hrj\/ (1 — a)Prxs+no, je€{p s}
3)

2.2.2 Conditioned on event £
In the second phase, CR broadcasts a composite message

xXr = v/ aPrxy + B (hsr Pgxg + no) , where

oo [A=wP ®
B YsrPs + 1 '

Then, the corresponding received signal at PR and SR is
given as

¥i(2) zhrj aPrxy + hrj,B (hsr\/lTst + ”10)
+no, je{p,s}

(5)

2.2.3 Conditioned on event £
In the second phase, CR broadcasts a composite message

x =B <hpr\/prp + no) ++ (1 — a)Prxs, where

aPp

A= YorPp 4+ 17
(6)

Then, the corresponding received signal at PR and SR is
given as

32 =hyB (hor/ Py + o)
+ hyjy/ (1 — @)Prxs +no, j € {p,s}.

2.2.4 Conditioned on event £®

CR simply stays silent and PT and ST retransmit x, and x;
respectively in the second phase. Then, the corresponding
received signal at PR and SR is given as

(7)

¥i(2) = hpj Ppxy + hsj Psxs+ no, je{p, s} (8)

2.3 End-to-end performance

For the decoding at PR at the end of the second phase,
MRC is performed to decode x, by utilizing the received
signals in two successive phases, i.e., y,(1) and y,(2), while
treating the secondary component of x; simply as noise.
Then, depending on the decoding results £ D, @ £B)
and £@, at CR at the end of the first phase, we define o,
o?, O;Jg), and Og}) as the corresponding outage probabil-
ities at PR at the end of the second phase. On the other
hand, SIC is performed at SR to decode the desired mes-
sage x; by utilizing both received signals y;(1) and y;(2).
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Similarly, we define O(Sl), Oéz), Ofgs), and O§4) as the cor-
responding outage probabilities at SR at the end of the
second phase.

Theorem 1. In the proposed spectrum sharing proto-
col on IFC-CR, taking into account all possible decoding
results at CR at the end of the first phase, the overall end-
to-end outage probabilities of the primary and secondary
systems can be respectively derived as

op = pr{e®}off +pr|e®} off +pr{e®] off
+prfe®]of?, 9)
05 = Pr{eW| off + pr{e®| of + prfe®| of

+prfe®]of. (10)

Next, we proceed to analyze the decoding performance
at CR as well as PR and SR in two successive phases,
respectively.

3 Numerical analysis

3.1 Decoding performance at CRin the first phase

At the end of the first phase, CR attempts to decode both
%p and xs from y,(1) using SIC. From (1), if the power
level of x, is higher than that of x;, then CR attempts
to decode x, first by considering the component of x; as
noise. Defining C(A) = %logz (1 + A), the achievable
rate of x,, is given as

P
Riy=C (Pypr) . 1)
Psyy +1
Thus, x, can be first decoded if event
R ,Ps R,
E1p={Rip > Ry} = iypr > ’;,—Pysr + P—'; (12)
occurs, where R, = 22Rpt — 1. By reconstructing and

removing the component of x,, from y,(1), the achievable
rate of the remaining x; is given as

Rys = C(Psysr), (13)
which can be decoded successively if event
R/
Eas = {Ros = Rt} = {ysr > P;} (14)

occurs, where R, = 22R« — 1.
Conversely, if the power level of x; is higher than that of
%p, then CR attempts to decode x; first by considering the
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component of x, as noise. Then, the achievable rate of x
that is subject to the interference from x,, is given as

P
Ris=C <SV”> , (15)
Ppypr +1
which can be first decoded if event
Pg 1
E1s = {Rl,s = Rst} = {Vpr = mysr - PP} (16)

occurs. Similarly, by reconstructing and removing the
component of x; from y,(1), the achievable rate of the
remaining x,, is given as

RZ,p =C (PPVpr) ’ (17)
which can be decoded successively if event
R/
82,;7 = {R2,p = Rpt} = {Vpr > Pppt} (18)

occurs.
Thus, from (12), (14), (16), and (18), all possible decod-
ing results at CR using SIC can be expressed as

EV = {(E1p NErs) U (Er,s N Eap)) (19a)
E® = {&1,NnEy), (19b)
E® = &1,n &), (19c)
EW = [&,Nn &) (19d)

Take a close look at (12), (14), (16), and (18); since the
multiple-access channels /- and /1, are independent with
each other, we can draw a 2-dimensional graph of
and y,, where the events defined in (192)—(19d) are rep-
resented by their respective regions, as shown in Fig. 3.
Here, we assume that R,;, Ry > 1 such that there is no
intersection between the regions of events £, and &£y
With the respective regions defined by {y, v}, the cor-
responding probability of each event can thus be obtained
by

/ / S Wsro Vpr)dyprdysr
{ysr:Vpr}
(20)

= }f(Vsr) |: }f(ypr)d)’pr] dYsr,

{Vsr Ypr

where f(yg) = 856797 and f Vpr) = (Spre"SP’VP’ denote
the respective probability density functions (PDF) of yq,

and yur, and f (s, Vpr) = f(¥sr)f (Vpr) denotes the joint
PDF [34].
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Fig. 3 Graphical representations of events £, £, £83) and £® at CR at the end of the first phase

Lemma 1. By employing SIC at CR to decode both x,
and xs, the respective probabilities of the events defined in

(19a)—(19d) can be obtained as

<55rR§[ + BPVR;L (H'R_/vl) >
S "\ Ps T Pp
pefew] - boe
) R P,
85r+ pr S
SprRy,  8srRL,(1+R,,)
55
pr
+ 8s-R}, Pp ? (21a)
Srtst
(Spr + T
Ser‘;t _<5srR;z ‘SPVR;nt(1+R;t)>
Sole” P —e \ TS Fp
pr{e@} = — ,(21b)
Sor +
/ SprR, tSsrR (1+R.,)
_5srkst 7( Priipt pt >
Spr e Ps —e Pp Ps
Pr{E(?’)} = ,(21c
(Spr + SSVRsth ( )
517VRZm _ SsrRét
Sye PP Syre
Pr{5<4)} =1 s (21d)
55r+ pr p[ S 8pr+ Osr st P

Please find in Appendix A for the detailed derivations.

3.2 Decoding performance at PR in the second phase
3.2.1 Conditioned on event £

Together with (1) and (3), MRC is performed at PR to
decode the desired message x,. Then, the corresponding
achievable rate is given as

P o
c PYpp T .
PSVsp+1 1_a+PR}’rp

c( Povey @ )
PSVsp+1 l—«o

where the approximation is obtained assuming Pg > 1
[24, 25].

1) _
Rp =

(22)

R

Lemma 2. Conditioned on event EV that both Xp and xs
are successfully decoded at CR at the end of the first phase,
the corresponding outage probability at PR at the end of the
second phase can be derived as

1) _ (1)
Op’ =Pr {Rp < Ry

R/

> 2
0, Y= R

s R 2
~ 5 _ PP( pIL)P 170() ® (23)

sp€ ‘pt
11— a < =
5 +(pt % )Pt Ryt

Pp

Please find in Appendix B for the detailed derivations.
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3.2.2 Conditioned on event £
Together with (1) and (5), by employing MRC at PR, the
achievable rate of x,, is given as

R(Z) _ ( PPVpp aPRVrp >
P PSVsp+1 Vrpﬂz(PSVsr+1)+l
Pp a
= L — ], (29
PSVsp +1 1—-a)+ Prvip

which is exactly the same (22). This is because in both
cases, x, is successfully decoded and forwarded by CR
with power aPg. Thus, the corresponding outage proba-
bility at PR at the end of the second phase is

oy = oy, (25)

3.2.3 Conditioned on event £®
Together with (1) and (7), by employing MRC at PR, the
achievable rate of x,, is given as

2
R(3) = C Ppypp + VVPIB PPVpr
P Psyyp +1 (1 _a)PRVVp+VVpﬂ2+ 1
—C ( Ppypp
Psysy +1

- )
1 1 1
(1 Ol) + Pp)/py + PR}/rp + PPVprPRVrp

P
C< Pher | ¢ >
Psyp+1 1—«

where the approximation in (26) is obtained assuming
Pp, Pr > 1 [24, 25]. Since (26) is of the same form as (22),
the corresponding outage probability at PR at the end of
the second phase is

%

(26)

oy ~ 0y 27)

3.2.4 Conditioned on event £®
Together with (1) and (8), by employing MRC at PR, the
achievable rate of x,, is given as

Q,I)pm,) . (28)

R®W — (
p Psyspy +1

Lemma 3. Conditioned on event E™ that neither of Xp
and x is successfully decoded at CR at the end of the first
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phase, the corresponding outage probability at PR at the
end of the second phase can be derived as

_ﬁppR}at
8 e 2Pp
0¥ = pr {Rl(f) < Rpt} —1-2° (29
s + SPPRpZPS
sp 2Pp

Please find in Appendix C for the detailed derivations.

Substituting (23), (25), (27), and (29) into (9), we can
thus obtain the end-to-end outage probability Op of the
primary system.

Theorem 2. Take a close look at (23), (25), and (27), all

R
O}Jl)) 0532)) and Og’) approach 0 when o > R},ﬂ:’_:_l. Then,

from (9), the term Pr{&E (4)}05,4) dominates the end-to-end
outage probability Op. In other words, the component of
Pr{5(4)}O§J4) brings a lower bound to Op. Defining a* =
Ry
R, +17
system is thus optimized when o« > o, i.e.,

the end-to-end outage performance of the primary

arg min {Op} = {a|a > a*}, and
o

(30)
min (Op} = Pr [} Off.

Remark 1. From Theorem 2, CR may simply select a

. R,
power allocation factor ¢ = o = R/i’”l
Pl_‘—

a reasonably good performance is achieved for the pri-
mary system, without requiring the CSI or other relevant
information.

such that

Remark 2. For comparison purposes, we cousider a
benchmark case for the primary system without spectrum
sharing, where PT transmits to PR directly without a relay.
Then, with target rate Ry, the corresponding outage prob-
ability is

Spp (2RP[ —1)

Op=1—e P (31)

The details are omitted here for the sake of brevity.
Together with (9) and (31), in order to provide the
primary system an incentive fto participate in the
spectrum sharing, the following condition has to be
satisfied

Op < Ob. (32)
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Remark 3. From (30) and (31), if Pr{E®} O < Op,
then it is possible to find a suitable power allocation factor
o, eg, o > o, such that the condition in (32) is satis-
fied. If however, Pr {5(4)} 05)4) > O, then the primary
system experiences a performance loss compared to the
benchmark case even when o — 1. Thus, in order to guar-
antee the performance of the legacy primary system, apart
from selecting a proper power allocation factor « > o*
at CR, the transmit power Ps also needs to be properly
designed.

For the power control of Ps, it is assumed that the sta-
tistical CSI of kg and /p, is available at ST, which is
a common assumption made in existing works [20-23].
Assuming that the channels are reciprocal, the CSI can
be acquired at ST through a feedback channel from PR
[35-37]. In addition, other relevant information is also
required, i.e., Pp and Ry, which is usually inserted in the
header of a packet that can be overheard by ST. With
these information, both Pr {£®} 05,4) < Op and O) can
be estimated at ST. Furthermore, we assume that the
probability Pr {5 (4)} is available at ST through a feed-
back channel from CR. Thus, although it is intractable to
analytically derive Ps such that Op < O},, as long as a
suitable Pg is found to make sure that Pr {E (4)} Ogl) <
Op, it is possible to achieve cognitive spectrum shar-
ing while proving a performance gain to the primary
system.

3.3 Decoding performance at SR in the second phase
3.3.1 Conditioned on event £V

Together with (1) and (3), SR attempts to decode the
desired message x; from the the mixed signals of x; and
xp using SIC. Similar to (11), (13), and (15), we have
the following achievable rates in decoding x, and ux;
successively

R(l) Pp Vps « )

=C
Lp (PSV” 1 1-a+t Pzelm

P
C ( PVps n o ) , (332)
Psys +1 l—«
Rgls) = C(Psyss + (1 — ) PrYrs) » (33b)
P 11—«
Rgls) —C SVss + .
’ PPVps +1 o+ Pavn
P 1-—
~ C ( SVss n Ol) ’ (33¢)
Ppyps +1 o
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where the approximations in (33a) and (33c) are obtained
assuming Pr > 1 [24, 25]. Here, Rf; denotes the
achievable rate of decoding x, directly by considering
the component of x; simply as noise. Upon successfully
decoding and removing x,, Rgls) denotes the achievable
rate of decoding the remaining x successively. Conversely,
Rgls) denotes the achievable rate of decoding «x; directly
that is subject to the interference from wx,. Then, sim-
ilar to (12), (14), and (16), we have the corresponding
events in decoding the mixed signals of x, and xs by
using SIC

1 _ (1)
el = [R) = Ry (34a)
(R’ —%)Ps R, —-2 R,
vt 1-a 't I—a pt
Vps = Pp Vss T+ o 0 A< R4
certain event a > Ryt
? - Rl’ﬁ+1
1 1
52(,5) = {R;,s) Z Rst}
R Pg
= \Vrs > st - Vss (s (34b)
(1I—-a)Pr (A—a)Pr

1 1
gl(,s) = {Rg,s) stt}

Yrs = R=La)e, s T P @7 R
~ . (340

. 1
<
certain event, a < R 11

From (34), the event of successfully decoding x; by using
SIC can thus be expressed as

1 5(1 1 1 1 1 1
ENU(EN nel) nel)) =ellu(el nell). es)

Lemma 4. Conditioned on event €V that both Xp and xs
are successfully decoded at CR at the end of the first phase,
the corresponding outage probability at SR at the end of the
second phase can be derived as

o =1- b [0} b [ D)
(36)
(¢9] (1)
+ Pr {gl,p N1
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, o>

Pr{g(l)]

_ 5ssRSt
Pg

SrsRl,
556 d—a)Pp u)PR

3sse (

SrsP:
(rxse

T—a)Pg

5rsPg
T-a)Pg

s (R~ 125 )

SSS -

dsr R;z
T-a)Pg

Pp

R’t+1

—Jgs€
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) (37a)

<
= R’[+1

R/
> Pt
Y= R

B ( Sss Ry, n dps (Rpt_ W) (1+R;L) )
Pg

Pp

priefy neR} ~

Sps (R}zt T )Ps

) (37b)

3rsPs

/
_ 5ssR.;t 4 dps (RpL7 ﬁ
Pg P
Sss€

+

Oss+ Pp

)(HR;))

T (I-a)Pg

] 1 R,
Ry +1

pefe Nl ~

Please find in Appendix D for the detailed derivations.
where

3.3.2 Conditioned on event £

Together with (1) and (5), SR attempts to decode the
desired message x; using SIC. Similarly, we have the fol-
lowing achievable rates in decoding x, and x; successively

R(Z) _ PPVps o
117 PSVSS + 1 1 — + PRlyrs
~ ( Ppyps o ) (38a)
Psyss +1 l1-a)’
1—a)P P
RY = ¢ (PSVSS B el 3 )
(I — @)Pryrs + Psysr +1
~ C (PsYss + PsYsr) » (38b)
R(12) _ ( PSVss -« )
8 L
Ppyps +1 o+ o+ m + o
N ( Psyss  1- a) (38¢)
PPVps +1 o ,

(37¢)

where the approximation in (38a) is obtained assuming

Pr > 1, the approximation in (38b) is obtained assum-
ing Pryrs > Psys, and the approximation in (38c) is
obtained assuming Ps, Pg > 1 [24, 25], respectively. Then,
we have the corresponding events in decoding x, and x;
successively

2 2
&) = [RY) = Ry (392)
(R/ )P s R, R
pt T—a t 11—« t
= I TR L RI;:?+1
R,
. '\pt
certainevent, o > R}t 1
@ @ Ry
8215 = R >Rett = \Vsr = — — Vss (> (39b)
Py
2 2
gl(,s) = {Rg,s) = RSt}
Pg 1 1
Vos = m_Layp, Vs T B @7 g
~ (R —5%)Pp fl (39¢)
certainevent, a < R
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Similarly, the outage probability at SR at the end of the
second phase can be derived as

Pr { <2>} Pr {5<2>05(2)}

el nel].

0@ — 1
(40)

From (34) and (39), since 51(,217) and 5{? are of the same

form as El(}p) and 5{? respectively, we have

prie} = pefel], (41)

Pr{é'(z) <2>} - Pr[é'(l) 05(”}. (42)

Then, by integrating over the corresponding region of
event {5{2 néE. (2)} we can obtain

(2) (2
pqungs (43)
_ SsrRY, - Sss Ry, ,
R o R
o —O¢ ’ Q= R 1
'S8 ST pt
(3R 2B 1%5) A e e [ G
Py T Pp I
Isse 8ss€

&

dps (R}yt e )PS
Y S —

8SS+ p 7857
((ossRy oo (Rpum ) ()
s Pg Pp R
ss€ ‘pt
o<
+ . Sps (R;t—ﬁ)Ps ’ R,+1

8ss Pp

3.3.3 Conditioned on event £®

Together with (1) and (7), SR attempts to decode the
desired message x; using SIC. Similarly, we have the fol-
lowing achievable rates in decoding x, and x; successively

R® — (PPVPS
1p —
Pgyss + 1
i )
1 1 1
l1—a + PPVpr + PRryys + m
P
~ C( PVps n o >’ (44a)
PSVss+1 l—«a
RY) = C(Psyss + (1 - ) Pryss), (44b)
p l1—«a
R(I?S) —C SVss n .
PPVps +1 o+ Parn
P 1—
~C ( SVss i C() ’ (440)
Ppyps +1 o

where the approximation in (44a) is obtained assuming
Pp,Pr > 1 and the approximation in (44c) is obtained
assuming Pp > 1 [24, 25], respectively.
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From (44) and (33), since in both cases x; is successfully
decoded and forwarded by CR with power (1 — a)Pg, we
have
O(l)

oY = (45)

3.3.4 Conditioned on event £®

Again, SIC is performed at SR to decode the desired mes-
sage x5 by exploiting the received signals in (1) and (8).
Then, we have the following achievable rates in decoding
xp and x; successively

2P
RY = ¢ (PV’”) (462)
P Psyss + 1
RYY) = C(2Psys), (46b)
2P
RY = ¢ (S Y ) (46c)
’ Ppyps +1

Correspondingly, we have the following events in decod-
ing x,, and x; successively

R, Ps R,

5(4) {R(4) >Ry } {Vps > 7)/ P } (47a)

R/
&5 = |RY = Ry }—{%322;}, (47b)
S
2Pg 1
I PN T R S e
st Yps = R;[PP Vss Pp (47¢)

For the considered scenario where Ry, Rg; > 1, there is

no intersection between events 5{30) and 5{,?. Thus, from
Lemma 4, the corresponding outage probability at SR can
be derived as

4) _
Og” =

Pr{5<4)] prle® n 5““]
=1—- R/

o0
Ssse OssVss |:/ / apse pszsdyps:| dyss
ZPS

2PP Vst ZPP
o o po VssT p
R P P —
_ /R/ Ssse BssVss |:f P apse 8ps)/psdyps:| d)/ss
0

2Pg
BSSR 5pstt 5s3R/t 5PSRpLRst
28psPs 67 P _( 2Pp ZPSS +T
1 Rl Pp _ dsse
= 23,5 8psR), P, ’
pst”S ps s
Oss + R, Pp dss + 2p1,

(48)

where 8¢ %s¥s and 8pse"31’51’1“ denote the respective PDFs
of yss and yps.

Substituting Og) s Of), Ogg), and O§4) into (10), we can
thus obtain the overall end-to-end outage probability of
the secondary system.
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4 A performance upper bound

Conditioned on event £L that both xp and x; are suc-
cessfully decoded at CR at the end of the first phase, we
propose using DPC at CR to pre-cancel the interference
seen at SR (or PR) in the second phase.

4.1 A performance upper bound for secondary user
We propose using DPC [17] at CR that transmits a com-
posite message

%, = v aPrx, + %,

in the second phase. Employing a similar coding scheme
as in [26, Eq. (15)], «, is encoded using DPC by treating
the component of «/C(_PRJCP as the known interference that
will corrupt the reception at SR in the second phase. Thus,
after dirty paper decoding, the effectively received signal
at SR in the second phase is given as

5(2) = hysy/ (1 — @) Proxs + mo.

That is, SR sees no interference in the second phase. Then,
together with (1) and (50), SR attempts to decode x; using
SIC. Following the same steps as in Lemma 4, the corre-
sponding outage probability at SR at the end of the second
phase can be similarly derived. The details are omitted
here for the sake of brevity.

On the other hand, with the same power aPp allo-
cated to forward x, at CR, the outage performance of the
primary user is the same as that in (23).

(49)

(50)

4.2 A performance upper bound for primary user
The interference seen at PR can be also pre-cancelled by
performing DPC at SR, where a composite message

X, = x;, + (1 — o) Prxs

is transmitted in the second phase. Similarly, x}’, is encoded
using DPC by treating the component of /(1 — o) Ppxs
as the known interference that will corrupt the reception
at PR. Thus, after dirty paper decoding, the effectively
received signal at PR in the second phase is given as

(51)

yl/g(2) = hypy/ PRy + Ho. (52)

That is, PR sees no interference in the second phase.
Again, together with (1) and (52), MRC is employed at PR
to decode x,. The details are omitted here for the sake of
brevity.

On the other hand, with the same power (1 — )Py, allo-
cated to forward x, at CR, the outage performance of the
secondary user is the same as that in (36).

Remark 4. From the above analysis, with a DPC per-
formed at CR to exploit the successfully decoded messages
received in the first phase, the interference seen at SR
(or PR) in the second phase can be pre-cancelled, thus
obtaining a performance upper bound for the secondary
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(or primary) user without affecting the performance of the
other user.

5 Simulation results

In this section, we illustrate the outage performance of
both primary and secondary users in the proposed spec-
trum sharing protocol. In order to limit the interference
caused to the primary user, we consider a power control
at ST where Ps = 6Pp. To evaluate the SIC decoding at
CR at the end of the first phase, we let 5! = tﬁp_rl for
the multiple-access channels 4 and /4, at CR. To eval-
uate the interference seen at PR due to cross talk, we let
8;,1 = go&ljpl for the multiple-access channels &g, and /4,
at PR. Unless otherwise specified, we let Pp = 30 dB,
Ps = 10 dB, Pr = 40 dB, and Ry = Ry, = 1. In order to
reflect the geometric structure of the considered network
shown in Fig. 2, we let 8};101 = &g L' — 0 dB for the direct
links, 85;71 = 6};51 = —10 dB for the cross links, and 81;,1 =
85t = 8,;,1 = 8, = 10 dB for the relay links, respectively.
Simulation results are presented in Figs. 4, 5, 6,7, 8, 9, 10,
and 11 where lines denote the analytical results obtained
in this paper and markers denote the results of Monte
Carlo simulations.

5.1 SICdecoding atCR

From Theorem 2, in order to fully exploit the relay trans-
missions, event £@ that neither of xp and x; is decoded at
CR should be avoided as much as possible. Figure 4 dis-
plays the probability of Pr {5 (4)} with respect to 0 where
Ps = OPp. Various channel conditions are considered
where 8;,1 = 10dB and 85_,1 = t8p_,1. As can be seen from
Fig. 4, with an increase in 6, the probability of Pr {5 (4)}
first increases and then decreases. This is reasonable as
when there is a significant difference between the power
levels of x, and x; received at CR, e.g., 70 < 1or 70 > 1,

0.7 T

Pr{€®}, (21d)
th 06k O  Simulation
@)
~
< 05
>
~—
=
= 04
Nal
<
'8 0.3
3
a0
+ 020
=
9]
>
Lu 0.1

i
or
-20 -15 -10 =5 5 10 15

6[dB]

Fig. 4 The probability Pr{€®} with respect to @ where P = 30 dB
and Ps = 6Pp, when 8! = 10dBand 85! = 74y,
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o Y  Simulation
-—-= 0Op,(9),0=20dB
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—8— Benchmark, (31)

20 S5 0 s 0 s 0 15 20
¢ [dB]

Fig. 5 The end-to-end outage probability Op with respect to ¢ where
8, =0dBand sy = sy, when P =30dBand Ps = 6Pp

Outage probability

SIC is facilitated and it would be easy to decode x, and
x5 successively. In contrast, if the components of x, and
x5 are of comparable power levels, e.g., T0 ~ 1, then the
SIC decoding is limited by the mutual interference and it
would be difficult to decode either of x, and x;. This can
be observed in Fig. 4 where Pr {5 (4)} takes peak values at
6 = —10,0,10 dB for r = 10,0, —10 dB, respectively.

5.2 End-to-end outage performance of the primary user

Firstly, we evaluate how the interference due to cross talk
affects the end-to-end performance of the primary sys-
tem. Let 88;,1 = <p81;pl, Op is plotted with respect to ¢ in
Fig. 5. The outage probability O}, of the benchmark case
considered in Remark 1 is also demonstrated. With an
increase in ¢, since the interference link ST— PR becomes
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stronger, the corresponding performance of the primary
system is impaired. On the other hand, with an increase
in 0, ST transmits at a higher power that impedes the
SIC decoding at CR as well as cause more interference
to PR, thus similarly impairing the performance of the
primary system. In addition, it is observed that a perfor-
mance improvement is achieved for the primary system
with a higher power allocation factor «. When o = 0.4,
even though ST transmits at a low power, e.g., 6 = —20
dB, and the interference link ST—PR is very weak, e.g.,
¢ = —20 dB, the primary user experiences a perfor-
mance loss, i.e, Op > O},, Whereas when ¢ = 0.9,
with all other parameters being the same, a significant
performance improvement is achieved for the primary
system. This means that besides the power control at ST,
the power allocation at CR also needs to be designed to
compensate the interference caused to the primary system
due to secondary transmissions.

To further illustrate the effects of Ps and power alloca-
tion factor «, Op is plotted with respect to 6 and « in Fig. 6.
The outage probability O}, of the benchmark case (31) is
also illustrated. It is observed that when 6 takes values
smaller than 0.05 AND when « takes values greater than
0.75, even subject to the interference from the secondary
transmissions, the condition in (32) is always satisfied and
a performance gain is achieved for the primary system.
Otherwise, if § > 0.05, then we have Op > O}) even when
a— 1.

This can be better observed in Fig. 7 where a cross-
sectional view of Fig. 6 is demonstrated. With an increase
in 0, since the SIC at CR is impeded meanwhile more
interference is caused to PR, the corresponding outage
performance of the primary user is degraded. When
0 = —20,—15 dB, it is observed that we can always find

Outage probability

Fig. 6 The end-to-end outage probability Op with respect to « and 6 where Pp = 30 dB and Ps = 6Pp
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Fig. 7 A cross-sectional view of Fig. 6 when & = —10, — 15, — 20
dB, respectively

R,
Ry, +1
0.75 such that a performance gain is achieved for the pri-
mary system. However, when 6 is increased to —10 dB,
it is observed that Op > O} even when ¢ — 1. Sim-
ilar phenomena can be observed for a benchmark case
considered in [28], where a linear weighted combination
of primary and secondary messages is forwarded by CR
only when both messages are successfully decoded. Other-
wise, CR simply stays silent and both PT and ST perform
a retransmission in the second phase. It is observed that
with the same system parameters, a better performance is
achieved by the proposed approach compared to that in
[28]. This is reasonable as in the proposed approach, CR

a suitable power allocation factor ¢ > a* =

0=0.8 0=0.9 a=o*
Op, (9) Op, (9) Op, (9)
Simulation +  Simulation Simulation
Benchmark [28] | - — - - Benchmark [28] | — — Benchmark [28]
Simulation Simulation < Simulation
| —F—Benchmark (31)
:

10 :

Outage probability

Fig. 8 The end-to-end outage probability Op with respect to Ry
where Ps = 10dBand Ry = 1
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Fig. 9 The end-to-end outage probability Op with respect to Pp
where ¢ = a*

is able to help forward the received messages more fre-
quently, which is more beneficial compared to a retrans-
mission by PT and ST simultaneously that will cause
severe interference to one another.

Furthermore, from Figs. 6 and 7, it is observed that when

o takes values greater than o* = Rfﬁl = 0.75, Op experi-
ences a floor. This validates Theorem 2 that when o > o*,
oV, O;)z), and O;f') all approach 0 and thus Pr {5 (4)} 05,4),
which is irrelevant to «, dominates the overall outage
performance. For a better illustration, the outage per-
formance using DPC at CR is also presented in Fig. 7.
Conditioned on event EV that both xp and x; are suc-
cessfully decoded at CR, by using DPC to pre-cancel the
interference seen at PR, it is observed that a performance
upper bound is achieved for the primary system.

¢ Simulation
- - - DPC
/\  Simulation
—————— Benchmark [28]
O  Simulation

10’ 6668608000609
@" Oy . (10)
)
)
i
]

15dB
-17 dB
20 dB

s

Outage Probability

Fig. 10 The end-to-end outage probability Os with respect to «
where Pp = 30 dB and Ps = 6Pp
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Fig. 11 The end-to-end outage probability Os with respect to Ry
where @ = a* and Ps = 10 dB

For a better illustration of Theorem 2, Op is plotted with
respect to Ry in Fig. 8. With an increase in Ry, the cor-
responding outage performance of the primary system is
degraded. Whereas with an increase in «, a better out-

Rt the
R, +1’
corresponding performance outperforms that with fixed
power allocation factor, e.g., « = 0.8,0.9, thus validat-
ing Theorem 2 that the end-to-end outage performance of
the primary system is optimized with respect to @ when
o > «¥. Similar results can be observed for the bench-
mark case [28]. Again, a better performance is achieved
by the proposed approach compared to that in [28].
Furthermore, in modest rate region where R,; < 2.2, the
condition in (32) is satisfied and a performance gain is
achieved for the primary system compared to the bench-
mark case. Whereas in the high rate region, since both the
SIC decoding at CR and the decoding at PR become more
difficult, the primary user experiences a performance loss.

Figure 9 displays Op with respect to Pp where a power
allocation factor of @ = a* is adopted at CR. When Ps =
10 dB, it is observed that a diversity order of 2 is achieved
for the primary system when Pp — oco. This is reasonable
as in the proposed protocol, two independent copies of x,,
are received at PR from PT— PR and CR— PR respectively
in two successive phases. However, when there is a fixed
power ratio between Pp and Ps, i.e., Ps = 6Pp, it is
observed that the performance of the primary system is
limited by the interference from secondary transmissions
and no diversity gain is achieved.

age performance is achieved. When o = o* =

5.3 End-to-end outage performance of the secondary user
In Fig. 10, the end-to-end outage probability of the sec-
ondary user Oy is plotted with respect to o« where Pp = 30
dB and Ps = 6Pp. It is observed that Og experiences a
plateau when « takes the values between 0.3 and 0.7. And
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when « is less than 0.25 or greater than 0.75, a reasonably
good outage performance is achieved for the secondary
user. This is because of the employment of SIC at SR. In
the regions where « < 0.25 and o > 0.75, there is a sig-
nificant difference between the power levels of x, and x
received at SR in the second phase, thus x; can either be
first decoded or successively decoded using SIC with a
high probability. Conversely, when o takes values between
0.3 and 0.7, SIC is limited by the comparable interfer-
ence between x,, and x;, which makes it difficult to decode
either of them. For comparison purposes, the outage per-
formance of the secondary user in the benchmark case
[28] is also presented, where SR attempts to recover the
desired signal x; by using MRC of the received signals in
two phases and considers the primary component sim-
ply as noise. As illustrated in Fig. 10, with an increase
in «, since more power is allocated to forward the pri-
mary signal meanwhile higher interference is seen at SR,
the outage performance of the secondary user is severely
degraded.

Furthermore, it is observed from Fig. 10 that the per-
formance of the secondary system is degraded with an
increase in 0. This is because with a higher 6, e.g., 6 is
increased from —20 to —15 dB, from (34a), it becomes
difficult to first decode and remove x, and then decode
x5 successively using SIC. In other words, it is not always
beneficial to adopt a high transmit power at ST, even if the
condition in (32) is met. Again, the outage performance
using DPC at CR is illustrated in Fig. 10. Conditioned on
event £, by using DPC to pre-cancel the interference
seen at SR, it is observed that a performance upper bound
is achieved for the secondary user.

Together with Figs. 7 and 10, when o > o, it is pos-
sible to bring a performance gain for the primary system
and at the same time achieve a reasonably good outage
performance around 10~ for the secondary system by the
proposed approach. Whereas for the benchmark case con-
sidered in [28], although it is also possible to provide a
performance gain to the primary user when « > o, the s
econdary message x; can be hardly delivered from ST to SR.

In Fig. 11, Oy is plotted with respect to R,; when o = a*.
Similarly, with an increase in Ry, from (34a), it becomes
difficult to decode x, first and then decode x; successively
using SIC, thus the corresponding outage performance
of the secondary system is degraded. On the other hand,
with other parameters being the same, it is observed that a
performance degradation is experienced by the secondary
system with an increase in Rg.

From the above observations in Figs. 4, 5, 6, 7, 8, 9, 10,
and 11, with properly designed parameters to facilitate the
SIC decoding at CR as well as to limit the interference
caused to PR due to the cross talk in the first phase, it is
possible to find a suitable power allocation factor « > «*
such that a performance gain is achieved for the primary
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user meanwhile the secondary user gains an opportunity
to access the spectrum. Furthermore, with the same sys-
tem parameters, performance gains are achieved for both
primary and secondary systems by the proposed approach
compared to a benchmark case in [28].

6 Conclusions

In this paper, the interference channel with a cognitive
relay is exploited to achieve spectrum sharing between a
licensed primary user and an unlicensed secondary user.
A causal cognitive two-phase spectrum sharing protocol
is proposed and closed-form expressions of the end-to-
end outage probability are derived. In view of the inherent
interference-limited property of the system, to guarantee
the performance of the primary system, we consider a
power control at ST together with a power allocation at
CR to forward the processed primary and secondary mes-
sages, respectively. Simulation results demonstrate that by
designing both the power control at ST and power allo-
cation at CR, spectrum sharing is achieved between the
primary and secondary systems and performance gains
can be achieved for both parties.

Appendix A: Derivations of Pr {8(1) } Pr {8(2) B
Pr{£®),and Pr[£®)
From Fig. 3, upon determining the region of event £

that is defined in (19a), the corresponding probability can
be derived by

Pr{g(l)} =Pr {(gl,p N 52,3) 0] (51,3 N gzyp)}

o0 s (o]
— 8@ Ot Vsr ,
\/;% sr RptPS
S

R, 5pre_8pyyprd7/pr:| dysr

Pp Vsr+ﬁ
o0 o0
+ |x 6pre_5prypr / / 6sre_[ssrysrd]’sr der;
_pt Ry Pp +Ri£
Pp Py Yrrt g
(53)
where 8ge %7 and 6,,,6_81"71" denote the respective
PDFs of ysr and yj,.

For event £ defined in (19b), the corresponding prob-
ability can be derived by

Pr{€@} = Pr{&;, N &}

/
Rst

Ps o s *© -5
= Bgre oV ﬁ;tps R, Spre” 7" Yord Vpr dys.
0 “Pp Vsr+ 5

(54)

For event £® defined in (19c), the corresponding prob-
ability can be derived by

Pr{E®} = Pr{&1,n &)

R,
L * =
= Bpre prYpr P % Ssre” Y dyg dypr~
0 st- P Vor+ 2L
Pg pr Pg

(55)
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Then the integrations in (53)-(55) can be solved to
obtain the results in (21a)—(21c). Since events £, £@,
E®, and €@ are mutually exclusive, the corresponding
probability of event £® can be readily obtained by

Pr{E@) = 1—Pr [5“)} —Pr {5(2>} —Pr [5<3>] . (56)
Appendix B: Derivations of Og)

From (22), with target rate Ry, we have the corresponding
outage probability at PR

off = pe [k <

P
mpr{c(ﬂJr al ><Rpt}
Psyp+1 1-«

Ry,
= R,+1

(R’t—l%)l’s R, —-% R
12 o sp+ pt T—a Q< pt

Ry+1

(57)

R/
When o < R,—pfrl, similarly, we can derive Og) by integrat-
pt

ing over the corresponding region

> (R;ﬂ -1% )Ps R, — 1%
r < +
Ypp Pp Ysp Pp
( 1;1' Iga) Sys,ﬂr P ;Pl—w

Sppe V0 dypy | dysp,

(58)

where (Sspe"sspysp and 8ppe’5PPVPP denote the respective
PDFs of ys, and yp. Then, this integration can be solved
to obtain the results in (23).
Appendix C: Derivations of Og”

From (28), with target rate R,;, we have the corresponding
outage probability at PR

01(34) = PI‘{RI(;L) < Rpt}

R ,Pg R
i i } . (59)

=P B —_—
f {y’”” < 2p, YT op,

By integrating over the corresponding region defined in
(59), 05,4) can be derived by

R P R
'pt’S ‘pt
@ 00 v 2pp Ysrtapp ~SupVen g 4
Op’ = A dspe A Sppe Yop | AVsp-

(60)

Then, this integration can be solved to obtain the result in
(29).
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Appendix D: Derivations of Ogl)
From (35), the outage probability at SR can be expressed as [34]

1-pr{eu (e nel))

1—Pr [51(18)} — Pr [51(}13 N 52(,15)]

M
OS

+ee el nef) nel}.
; (1) (1) (1) (1) ;
Since Ry <R always holds, we have 51,3 C 525 , thus (61) can be rewritten as
0P —1—pe ) —pr{e ne] + e fe o).
From (34), by integrating over the corresponding regions of the events in (62), we have

Pg

1
0 - Vss— Py
M) -5 R,-152)p P -
Pr {gl,s} ~ ﬁg;t, 1o Ssse Vs |:/0( v ) ’ dpse psypsd)’ps AYss)
Pg

(1) M| ~
Pr {gl,p n 52’3 R

I;’*;t a R%P a PS)P Vss R,
S -4 —)PR —a)PR -3 ¢
1-— fo SggeOssVss f() Srse O Vsdyys | dyss, o > R;,,p+1
Ry
Ps -3 00 -5
fo 8336 55 Vss [f R;t g Srse rsVrs dyrs:|
(T—a)Pg ~ T-a)Pg Vss
00 -
f(R/ _L)p R ‘Spse pszsdypS dyss+
pt” T—a)'S Pt T-a
Pp Vss Tp
R/
00 ss Vss 00 - Sps Yps pt
f];iét dsse f(R}t*ﬁ)PS R;t_lgT Bpse dyps dyssr o< R;,[+1
S Pp VssT Pp
1) M| ~
priefynell| ~
OY
/ o / 11—« .
when (Rpt - m) (Ry = 2% = L;
00 -5
_ Secl ssVss
S (g g o)1) B |
ps[1- (R~ 1% ) (R~ 15%) | L <
R S R, +1 Ry +1
T B
f(R/ —L)P R dpse™°rs psd}’pr dYss,
pt” 1-a )'S + pt 1-«a
Pp Vss Tp
/ o / 11—«
when <Rpt - (Rst S ) <1
certain event Ryt <o < 1
’ R+l =7 = R+1
R/
00 -5 00 _5 : 'pt 1
Osse™ 55V 8,se orsVrsd dys, o < min [ -2~
fo ss f(R;ﬂ_ﬁ)ps Ry 1% ps Yps Vss» R;,t+ PR
Pp Vss Tp
S/
Ry L )p, P 7
e e] —8ss Vs (sz a P —8psY, ot 1
fR;tfiJ SgseOssVss | [ Spse” PVdyys | dyss, o > max R 1 R4 )
Pg

respectively. Then, these integrations can be solved to obtain the results in (37a)—(37c).
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(61)

(62)

(63)

(64)

(65)
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