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Abstract: In this study, the authors propose a new cooperative multiplexing scheme for downlink transmission using dynamic
spectrum access (DSA) principles. In this scheme, the base-station (BS) transmits to its distant user using a selected relay
node in two hops. In the second hop, while the relay forwards information to the distant user, the BS transmits information
to another selected user in its vicinity using DSA principles. Assuming peak power and peak interference constraints, the
authors derive outage and ergodic rate performance of the user served by DSA assuming various user selection schemes. The
authors consider gain-based selection, SINR based selection (SS), interference cancellation (IC), as well as a hybrid scheme
that employs both SS and IC. The authors demonstrate that apportioning of time between the first and second hop of relaying
can improve outage performance of the user served by DSA while ensuring certain guaranteed performance for the distant

user. The presented analytical expressions are compared with computer simulation results.

1 Introduction

It has been established in recent years that spectrum scarcity can
be alleviated by systems that utilise a dynamic spectrum access
(DSA) framework. In these systems, secondary (unlicensed)
users share the spectrum of the primary (licensed) users
(PUs) [1, 2]. Such spectrum sharing clearly results in
interference. The challenge in spectrum sharing systems is to
deal with interference at both the primary and secondary user
(SU) receivers, and maximise performance of the secondary
network, while guaranteeing certain acceptable performance
in the primary network. To this end, the secondary transmit
power is constrained to maintain interference at the PU below
an interference tolerance limit (ITL) [3, 4]. In such
interference-limited scenarios, use of relays is clearly
beneficial [5-10] since reduced transmit powers can decrease
interference. Incorporating relays in the primary network
raises the ITL, thereby increasing the secondary transmit
powers and improving the primary signal-to-noise ratio
(SNR) [5, 7]. Use of node selection schemes in the secondary
link boosts the signal-to-interference plus noise ratio (SINR)
at the secondary receiver [6, 8—10]. In DSA systems, the ITL
can be either statistically determined or assumed to vary
according to channel state information (CSI) of the primary
link and the link between the secondary transmitter and the
PU receiver. In the former, ITL can be chosen to limit
degradation in outage [3] or ergodic rate [11] performance of
the primary link. Else, it can be chosen based on the average
interference to PU [8] or the probability that the interference
exceeds a threshold [9].

Performance gains accrued by cooperative relaying and/or
user selection have motivated researchers to investigate their
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use in the DSA framework. In [6], decode-and-forward
(DF) cooperative relaying protocol [12, 13] has been used
in the secondary network to improve its outage performance
over Nakagami-m fading channels. In this work, ITL was
statistically determined. Exact expressions for secondary
outage over Rayleigh fading channels have been presented
in [8]. In this work, primary to secondary interference was
also taken into account (and not ignored like in other DSA
works). Exact outage performance of DSA with incremental
regenerative relaying was discussed in [9], which used CSI
based ITL. In [5, 7], relay selection was employed in the
primary network to boost the ITL. An SU was selected
from the set of users satisfying the ITL constraint to access
the spectrum in the second hop of primary network. The
outage performance of the secondary was analysed
assuming DF relaying. The system model was generalised
in [7]. In all these works, duration of the first and second
phase of relaying was assumed to be the same. In this
paper, we demonstrate that secondary outage performance
can be improved by optimally choosing these durations.
Cooperative multiplexing (CM) has been suggested as a
technique to improve spectral efficiency and improve
frequency reuse [14]. In such systems, the base-station (BS)
transmits information to a distant user using a relay. In the
second phase, the relay forwards information to the remote
user while the BS transmits data to another user in its
vicinity. However, in such protocols, outage performance of
the distant user is not guaranteed since it encounters
interference because of transmission by the BS in the
second phase of relaying. In this paper, we use DSA
principles in the CM framework to guarantee performance
of the distant user. We also employ relay selection and user
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selection in the second phase. We analyse outage and ergodic
rate performance of the user served by DSA. We show that
optimally choosing the first and second phase durations can
improve outage performance of the user served by DSA
while guaranteeing certain performance to the distant user.
We analyse the performance of user selection schemes in
this context. We assume CSI assisted ITL, which makes
power used by the BS in the second phase a random
variable dependent on the interference caused to the distant
user.

The remaining paper is organised as follows. The novel
CM system using DSA principles is described in Section 2,
where the problem formulation is presented. Outage and
ergodic rate analysis are presented in Section 3. In Section
4, numerical results are presented with discussions.
Conclusions are drawn in Section 5.
Notations: Subscript ‘p’ and ‘s’ denote primary and
secondary network, respectively. ‘~’ denotes ‘distributed
as’. Exponential integral E,(x) = IT (e™/¢") dt where n is
an integer. Pochhammer symbol (a),=TI(a + n)/T'(a) where
I'(@)=(a—1)!. |A| denotes the cardinality of set .A.
CN(c, Q) denotes the complex Normal distribution of mean
¢ and variance Q. [[.] denotes the expectation operator.

2 System model description and problem
formulation

We consider a cellular cooperative downlink (DL)
multiplexing scheme using DSA framework where a BS
serves a distant user (termed the PU) as well as another
user in two hops with the help of a half-duplex regenerative
node selected from a closely-spaced cluster 7 of J nodes.
After transmitting the data of PU for relaying using the
licensed spectrum, BS dynamically accesses the same
frequency band in the second hop for DL data transmission
to an opportunistically selected SU from a cluster K of K
SUs. As depicted in Fig. 1, the cellular network comprises
of a total of M=J+K SUs in two clusters. The user
selection mechanisms are discussed later in the section.

We assume quasi-static Rayleigh fading channel model,
and channels from nodes in each cluster are independent
and identically distributed. The channel coefficients
hy; ~ CN(0, Qy), by ~ CN(0, Q) and gy, ~ CN(0, Q)
denote the channel between BS to jth node, jth node to PU
and BS to kth SU, respectively, where j € J and k € K.
The cross-channel coefficients g, ~ CN(0, Q) and
hyj = hy ~ CN(0, {)3) denote the channel between BS to
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Fig. 1 System model for cooperative DL multiplexing scheme
using DSA framework. In this hy = [hy;, hy,, ..., hy/T where x =
1, 2 and 81 :[g”, 812 oo g[K]T Similarly, h3 :[hgj, h32, ey
hs/" for jth node of cluster J
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PU, and jth node in J to kth SU in I, respectively. Note:
the index j is dropped from /3 to simplify notation. We
also assume zero mean complex additive white Gaussian
noise (AWGN) of variance o” at each node.

We denote the overall rate requirement of the primary link
by R,,. Transmission from BS to PU takes place in time 7 in
two phases. We note that secondary DL transmissions take
place only in the second phase. For this reason, use of
equal duration time slots for the two phases is not well
motivated. Unlike other papers related to cognitive radio,
we assume unequal duration of phases, with the first and
the second phases of duration a7 and (1 — )7, where «a is
phase duration allocation (PDA) factor taking values in the
range (0, 1). We show later in this paper that o can be
chosen to minimise the outage probability of the secondary
system.

2.1 First phase

In the first phase of a7 seconds, BS broadcasts unit energy
symbols x, with power P, <P and rate R,; =R,/or (a higher
rate is used to make up for the smaller time duration aT)
where P is peak transmit power. The jth node in set J
receives signal y; = /P,hyx, +n; (where n; ~ CN(0, )
is the AWGN) with SNR T, ;=7,|h 1j|2 where 7p:Pp/O'2. A
subset J,; of nodes in J that successfully decode
information from BS is defined as

R
Jq= {j€j|log2(1+l"m)>;p:1epl}

It can be seen that the probability of the cardinality of |7 ]
being £ is given by

J -
Pr(|T = 0) = ( . )pﬁec,,,a ~Paey) (D)

where decoding probability of each node pge., is readily
written as  exp(—1/(%, ) where ¥, =1v,/v, and
'yt;;] =2%1 _ 1. The jth node acquires the channel gain
\h2,|2 by observing the reverse channel from PU. Relay
selection is performed using the rule

x 2

J" = arg max Ay

The best relay j* € J, is opportunistically selected in a
distributed manner by using the timer-based scheme
described in [15].

2.2 Second phase

In the second phase of duration (1 — @)T seconds, j* forwards
the decoded symbol x, using power P,. Clearly, the target
primary second hop rate R,,=R,/(1—a). The BS also
simultaneously transmits unit-energy symbols x, with power
P to selected user k' by sharing the same frequency band.
We discuss SU selection later in this section. PU and SU k'
receive the signals

Ypu =V Prh2j"xp + VPgx, + Mpu
Vit = VPG + P hygrx, 4 g
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o~ CN(0, 0%) and n; ~ CN(0, o) are AWGN
samples at nodes PU and SU. Clearly, P; needs to be
controlled to limit interference to PU.
The SINR at PU is given by

where n

2
Yr|h2j* |

— 2
Yv|g2|2 + 1

pu —

where y,=P,/o* and interference power is y|g,|> with y,=
PyJo”. From (2), we deduce the peak 1nterference Jpower

(denoted by Z,,) using inequality I'j, > =28
that ensures rate R, for the second hop. We oﬁtaln
Loy <7, lhyul’ — 1 3)

where ¥, = v,/ yt!%. Note that Z,, in (3) can be negative
iff 7* = PU link in outage (in which case the BS uses its
peak transmit power P to transmit in the second phase).
Else, the BS transmlt power P, can be constrained so that
P <Z, 0'2 /| g2| In summary, the transmit power of BS P,
is allocated as (see (4)) where P is peak transmit power of BS.

Broadly, there exist two common schemes for selecting the
user k" from the set K

1. Gain based selection (GS) scheme: We assume that each
SU monitors the forward link signals and acquires
knowledge of |1 (a trammg can optionally be used too).
The user with maximum |g,,J* is chosen by using a timer
based mechanism [15]. BS is then informed through control
channels.

2. SINR based selection (SS) scheme We assume that each
SU acquires knowledge of |g° by monrtonng the
secondary forward channels, and knowledge of |hs*
using a short tralnmg sequence transmitted by the selected
node k just prior to the second phase. The SINR of the
secondary reverse channels I'i;= ys|g1k| 2y b+ 1) i

calculated at each SU, and the best user k' is chosen as per
k" = arg max;c, I, using a timer based mechanism. Once
again, control signals can be used to inform the BS.

The SINRs I'¥) ; and I'(}; of the schemes (with gs and ss in

the superscript denoting GS and SNR-based selection,
respectively) can be written as

2
max vy,
rex slglkl

re, ==__ kT = are max 2
okt lehsmlz +1 g ex Ysluxl

Fisk’f = max M K= arg max M
. kex ’}’;|h3k| ‘l‘l kE’C’y|h3k| +1

)

From (5), we can observe that l"f} and T} + are same for K= 1.
It is also intuitive that the performance of both the schemes
are almost same if interference from J is very weak.
However the SS scheme that considers the interference power
in the selection process outperforms the GS scheme [16].

In addition to the above classic schemes, we also consider
two others. The first is based on interference cancellation

(IC), and the second is a hybrid scheme (HS) based on a
combination of IC and the SS scheme.

3. IC scheme: The IC scheme is based on the fact that IC can
be applied by exploiting the prior knowledge of interfering
symbols [14]. In such a scheme, SUs receive signals

)/k = /P,&uX, + n; in the first transmission phase of the

primary, and attempt to decode x, (1, ~ CN(0, o?) is the
additive Gaussian noise sample at SU k). Note: a
superscript / is used to denote the secondary signals and
quantities relevant to the first phase of the primary
transmission. It is also emphasised that secondary
transmission only takes place in the second phase of the
primary transmission. A subset C; of SUs that successfully
decode in the first phase is formed as follows

K, = {k € Kllog, (1 +T,) > Rpl} (6)

where l“ik = yp|g1k|2 is SNR at kth SU. One of these nodes
participates in the secondary reverse channel transmission.
Hence the SNR at kT € K, after IC can be written as

i 2
o = max g @)

It is intuitive that the performance of IC scheme is limited by
the subset ;. The probability that cardinality of |XC,| equals ¢
is given by

P =0 = i -pe™ ®

where pye. , = exp(— 72‘1 /(¥,{1q1)) is decoding probability of

kth SU and y,=P,/c".

4. Hybrid selection (HS) scheme: It is emphasised that the IC
scheme is highly dependent on cardinality of the set ;. If
|KC | 1s very small, most of the SUs are not considered for
the transmission process. Consider a set y of users who are
not in K;. We consider a HS that allows the remaining
Ix| = IK] — IK,;] SUs to participate in SU selection. Once
again, the user with the best overall SINR is picked. Hence
the SINR at k" for the HS scheme is given by

Y5181, |

. = max| max , BEL LA R
- <k et k2€X%|h3k| 'l'l) @

Clearly, IC; and y belong to disjoint sets. We denote by kl
and k2 the users with best SNRs in each set. The
best SINR/SNR from each set is therefore given by

ic
skl manIEICd'Yslglkll and FS, —maxkzex(%lglkzl /

(‘)’r|h3k2| +1)).
It is emphasised that if the primary network is in outage
(PO case), the BS selects k' from set K with highest

P
Po={  ((Wlhy? =)o
Il’llIl—2
12,1
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, P) for primary not in outage (PNO) case

for primary in outage (PO) case

“4)
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channel gain to BS. The SNR for PO case is given by

% = gyl (10)

where y = P/o”.
In the next section we discuss the outage and ergodic rate
performance of the selection schemes.

3 Performance analysis

In the following, we first analyse the outage performance of
the secondary network for a target primary outage.

3.1 Outage probability

The outage probability for the secondary network can be
written as

p —poppos+(1 _pop)ppno (11)

where p,, , is primary outage probability, and p0" and p}y’ are
secondary outage probablhtles for PO and PNO cases,
respectively. Clearly, the primary link is in outage when
cither (17,1 =10} or {1T,| # 1], lhy.I” < (1/3,)}
where ¥, = v,/ ypz as defined earlier. Hence the outage
probability p,, , is readily obtained as

J
1 1

op = | 1 —exp| —= — = 12

Pop |: p( Ythl %th)] (12

We obtain the primary outage probability function of PDA
IRy /(1=a) _

factor a as
J
PR | 1
Po,(@)=|1—exp|— — (13)
P |: ( Ythl ¥ ) :|

From (13), we can observe that the probability function of o is
non-linear, and closed form expression for the range of a for
which p, , is below a certain threshold (to guarantee certain
outage performance) is difficult to obtain. Numerical
techniques are used in Section 4 to compute this range.

3.1.1 Secondary outage probability for PO case:

Using SNR F o = vlgml from (10), and the i.i.d. nature
of the exponentlal random variables |g1k—|2, the outage
probability pP o ° of the secondary link for PO case is given by

1
Pgi AP”(FPU <%)—P’”<|g1k | )’)

= [r(iaur <) = [l . ( %;glﬂK

th — R /(- _

where vy, 1 for secondary target rate R; and
Y=/ ys . We derive the outage probabilities for various
selection schemes when primary is not in outage scenario in
the following section.

www.ietdl.org

3.1.2 Secondary outage probability for PNO case:

Since SINRs for various schemes in PNO case are function
of random variable y,, we derive its cumulative distribution
function (CDF) first. From (4), for PNO case

P/02 m1n((y,|hzj*| — D/l y). With Z=
('y, |h2]*| — 1)/|g2| , Ys=min(Z, y). We note that Z is

dependent on set J,. The conditional probability density
function (PDF) of y,=min(Z, y) for PNO case (conditioned
on |J,|) is given by

St @) = f U = U = ) +Fyy (13— )
(14)

where F s (=1-F th(y)’ U(x) is unit step function

and J(x) is Delta function. It is shown in Appendix 1 that
the CDF and PDF of Z are given by

Jd exp(—//(7, Q1))
F —1— A, (i r 15
Z\mdl(z) ; 1) 1L +7z/ 7, €yg2) (9
[T 4l iA QO

fZl\Jd\( 7)= ’}’]‘fl(]) exp( .]/Eyr h2)) 2 (16

j=1 YrSh2/g2 (1 + (jz/ 7, §h2/g2)>

(17 )7

where Al(/.) — / d fhz/gz =

— 7
1—[1—exp(=1/(7. Q)]
Q»/Qy,. The outage probability pP'" of secondary node for
each user selection scheme can now be derived.

1. Gain based selection scheme (GS): The outage probability

pno

Doy for GS scheme p%Y is given using (5) by
max y,|gy |
PEAPHTS, < ) = Pr{ < (D)

‘Yr|h3kT |2 + 1

The PDF of random variable y,= mm(Z y) is as in (14)
Clearly, the CDF of channel galn |g1kf| = maX;cx |g1k|
is F\g1k+|2(x) [1 —exp(— x/Q )] . Since user selection

does not use knowledge of the mterference, it is clear that

the distribution of interference channel gain |hy|* is
Flhmlz(x): 1 —exp( —x/Q,;). Using these, the CDF of

%, for given |J,| can be written as (see (18)) where

Az(k)z(’,f)<—1)k‘l, CiG, ko) =Ry =

legh2/gh39g2, ggl/h3 =le/Qh3 and (see equation (19) at

the bottom of the next page) where
C,(, k, x) = =1+ jkeyy /. The term Ey((1/,3) + (kx/
7Q,)) arises out of the interference channel, and is the
dominating factor influencing the outage degradation. Proof
of (18) is presented in Appendix 1.

Fres
re fhm —
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K [T 4l
=1- ZA (k)|:2 A, ()C,(, k, x)e V7N (G, k, x) +

Z\w\ (Y)ei(kxwﬂg])
(18)

U+ (b, / ¥Ea1n3)
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The exact closed form expression of Pa for PNO case can
be obtained by averaging FFg X ‘(ys ) using (1) as

J
g _ th
P =D PrTal = OF (1)

=0

(20)

2. 8§ scheme: Here we derive the outage probability of the
secondary with SS selection scheme for the PNO case
where SINR I'(}+ = maxke,c(ys|glk| J(y, by ) + 1)) as in
(5). Since the SINRs of SUs are dependent on random
varlable 7/5, we ﬁrst obtain the CDF of SINR

= y,lg1x>/ (%, lhyi|* + 1) of kth SU for given 7,. Using
|h3k|2 ~ exp(—y/€23)/Q;; we have (see (21)). It follows from
the fact that the SNRs re %, are iid that
Frss tyms (x) = [Frss (x)] We obtain the exact closed
form éxpressmn for glven set J,; by using PDF of y, from
(14) as (see (22) and (23)).

The term A;(J, &, x) accounts for interference from primary
relays to SU, and is responsible for outage degradation. Proof
of (22) is presented in Appendix 1. Once again, the exact

closed form expression of p; can be obtained by using (1) as

J
Pos = ;Pr(|Jd| = OF = 1, () (24)

3. IC scheme: In this case, interference is cancelled when
possible. From (7), it is clear that the CDF of SNR I’S .« for
given decoding set IC; and y; is given by

. IKal

It should be noted that y, is a function of J, since the
interference threshold depends on the number of nodes used
for relay selection in the primary link. Using (14)
for averaging, we obtain the conditional CDF as (see
(26) at the bottom of the next page) where A,(k) =

C(, k,x)+——

YSg1/m3

1
eV, ! +—kx CiGkn) E, Ti6 &, x) e C1 k)
Ao k. ) Yz ¥y e ¥ Y yﬂgl e vt C\(, k, x) n kx (19)
5 16, X) = ; - X
: (Cy(j. k. %)) oy, ) Cy0, k0P '\ % Ay

Cz(], k, x) <

. ® |81k|
FF“ |’/ “(X) N jyo Pr(’}/ry + = x“h:;k' B y fh}/ |2(y) dy

exp (— (x/wlly))

Wle Qh3

(Lo

Xy + 1))} exp (/%)

~ T TR e, Q) @D

kx

J Yy

Jdl Z\ (ye e
Frs 1, () I—Z/-\z(k) ZM)@@ Loe YAk + e T (22)

J= 1+ X7,
Vfgl/hs
kx
kB, | st +
=1 (2) (— 1)enn X “(VrQM YQ )
AZ(i’ ks X) = Z (')Z«j( . 1) : 2_:,“ k,iil
[..LZOM'( 2(]3 ,X)) 1+ XY,
7§g1/h3
k ——+C,(, 1,x)
S (0. et 1010 P S g 0 vfgl/hs 1 o)
=0 V'( - (EZ(]s 1a x))k+v XY, . =
"+ C(, 1,x)
Yfgl/m
1Kl |7 4] e % Y ke

le\JdHKdl =1- ZA (k) ZA (]) A 305 k5 %) +FZ\|J\ (Ve mgl (26)
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("id'> (=" and

i < o ' X )
_ki T\, 7,0
A3(/s k,x)= eV Qg1 6/ ks lgl 'Y,j gl ghz/gz (27)
vy, h2/g2

The outage probability expression pi,fs is obtained by
averaging (26) using (1) and (8) as

J K
o _ th
=) ;Pr(w = OPr(Kyl = OFpe o ()
(28)

4. Hybrid scheme: The HS selects user k' by considering
users from both K, and y. The SINR/SNR of k' is given in

(9). The SNR F'Ck and SINR T are correlated
IKq sk X

because both are dependent on the random variable y, and
cardinality of ;. We can obtain the conditional CDF of

s sit as (see (29)) where Ay(ky) = <|];\/| )(—1)"2_1. Using
2
(14), we average (29) over y, for given J, and obtain the

www.ietdl.org

conditional CDF F

T bl

(x) as

FF?,SH h7aikal ®= j w=0 FF?;J L=yl (x)fmw (w) dw— (30)

The closed form expression can be obtained directly from
(22) and (26) as (see (31)) where FF 7 I(x) is derived
similar to (22) and A3z(j, ki, kp, x) is readily obtained
similar to A,(J, k, x) as (see (32)). Hence we can obtain the
closed form expression as

J K

P =D > Pr(T,=0Pr(K, =

=0 (=0

OFp €]

et T al=t1k 1=¢
(33)

The HS outperforms the other schemes in terms of outage
probability since the SNR/SINR with the HS scheme is the
best of SNR of IC and SINR of SS schemes.

3.1.3 Asymptotic outage probability expressions:
The BS transmit power P, for transmission in the second
phase is determined by (4). When P is large, or when BS 1s
located far away from PU, it is clear that Py =7, 0'2 /| g2|
is a reasonable approximation. This asymptotic outage,

x|
I 1] *ﬁ
F = Fpu F =[1-¢ " -
F?,Skf‘n:wwdl(x) N i @ oy b N R ) 1+ Y,
wlly,

(29)

_ x (b tky)x

K] kyx X wily, IKal x| Wl
=1- Z As(kye " — Z Aylly) ———4 + Z Z A (kA (ky) —————%
k=1 k=1 x5 k=1 k=1 x5
I+ —5 14 —==
wlly, wlly
F?,Skf'wwcd\(x) - Frfklf\ud\,vcd\( ¥+ F F“THJ @) — 1
(kg thkp)x
IKal Xl 1T4] . e Mg
+ ; kZ A (kA (k) ZA\ ()G, 1, %) eXp(‘J th) 3Us ks by )+ Fy ) ()
1=1k 1+ XYy
7§g1/h3
(3D
kit E, (ky + kz) (ky + ky)x
. EL@u=Drer® Ty Ay,
MG by, Ky x) = Z (Co (i Tt k—p—1
un=0 ”’( 2(]7 19 X)) 1 Xy,
_"_ r
7§g1/h3
(ky + k) [ xv )
(k1+k2) ; E —v L + C (]9 lyx)
—i—zl:(kz) (=1)" e¥s G610 7 ( Y \ Y (32)
y=0 v! (_CZ(Ia 1» x))k2+v XY, . v
+ (]:1 (], 1, x)
Vfgl/m
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denoted by pj}, can be obtained from by using P — oo

asy __

pos - hm po,s (34)

For each scheme, the CDF of SINR is easily deduced from
(18), (22), (26) and (29) by taking y — oo, respectively, as
(see (35)—(38)) where A}V (j, k, x) = lim_ o, A,(j, k, x) for
i=1,2 and 3 and AJ¥(j, ky, ky, x) = hmy A4G, Ky, Ky, X)
that are directly obtained from (19), (23), (27) and (32) by
substituting 1/y=0 as (see 39)

_L)) and

- kg
AP, k0 = Ty
Yr Q1812702

(see 40)

It is observed that the outage probability exhibits a floor, and
the asymptotic value can be used in system design. We can
easily observe that A5Y(j, k, x) > ATY(j, k,x) for K>1
because the interference term 1/7,L,; is scaled by k in SS
scheme. It can be verified that ASY(j, k, x) = ATY(, k, x)
for K= 1. Intuitively, the IC scheme is superior to GS and
SS schemes. However, the HS scheme delivers the best

performance as this selects the best SNR/SINR. The
asymptotic outage probabilities for respective schemes are
obtained by substituting (35)—(38) into (20), (24), (28) and
(33). It is noted that in all these expressions, FZ‘W (y)— 0
as y — oo.

It is not possible to derive exact expressions for the
optimum choice of o from the outage expressions. The
optimum value needs to be determined numerically as
discussed in Section 4 so as to guarantee some primary
outage performance.

3.2 Achievable ergodic rate

In this section, we analyse the achievable ergodic rate of the
secondary network for each selection scheme. Here, we use
SINR approximations for providing insightful results. RP°
and RP™ denote the achievable rates for PO and PNO
scenarios. Hence the overall achievable ergodic rate of DSA
network can be defined as

Ro=p,, R+ (1 =p,, )R " A1)

where RY” = E[R™] and R = E[R"™] are the ergodic rates

K |74
;isgzw ®=1- DO ADALRC, G, k. x)e” wﬂthaSY(, k, x) (35)
k=1 j=1
K 174l
FIR L, 0 =1=2 0 A(DAMRCG, 1, x)e %%Aa“o ) (36)
k=1 j=1
Kl 1Tl
F;?i-r‘umw ) =1-=Y > A(A ke %Aasy(/ k,x), and (37)
5 av k=1 j=1
IKal Xl [T 4l
asy __ prasy asy _ rQ asy
F“’l;?lw,vcdl(x)_Fri:ﬂ'ud\,ucw(x)_'_ At MJ m () l+kz—1kz—:1A 3(h)A, (kz)[ZAl(/)C Gy 1,x)e 7 BAT, kl’k2’x):|
M 1 2
(38)
L 1 , G, k, x) ,
" UsE C4 (k) ( 1 ) Cy (k) .
Aasy(]- k x) — 1<yrQh3> + € il : yrQhS _ € i E (Cl(]: k: X))
: o (_1 + Cl(j’ ka x))2 (1 - q:l(j’ k: x)) Cl(i» k, x) (1 - Cl(j’ k, x))2 '}’,Qh3
—1(2) (_1)MeﬁEk7 <L> .1 Eoe ( L C(, Lx))
A k=Y — N1 s Z(k) (rereom B, (39)
= w(=14C(, L)y VI =CG, L) (G, 1,0)
k-1 i) CEe 10
asv . - 2),(—1)He s k +k (k) 1 eVrQh3 1051
A ko, ey, x) = Z - ; 2+ kz—i’v( ; 2) | foy+v
o mi(—=1 +Cy(, L,x)™* AUR = vI(1-C,(, 1, x))™
(40)

E27v (M (I:l(i’ 13 x))

’YrQh?)

(Cl(ia 19 x))liv
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for PO and PNO scenarios. In the following section, we
explicitly derive the ergodic rate for each selection scheme.

3.2.1 Ergodic rate for PO case: The ach1evable rate
R =(1—-a)log, (1 + Fp '), where TP, = = vy|g,+[* from
(10). The ergodic rate can be der1ved by Rpo =(1-a)
E[log, (1 + 7|g1k+| )] where 1 — ¢ is the time duration for
second phase. Clearly small time duration of first phase
results higher achlevable rate 1n second phase. We
approximate 1+ y|g;+ 1 as y|g1kf| for further analysis.
Hence the approximate ergodic rate is obtained as

R >~ (1 - a)log, (y) + (1 — a)E[log, (Ig+1))]

Since the PDF of |gl* is f, L) =KIF,, ‘2(x)]K !
Sigy2®), the closed form expression of ergodic rate is given by

—1o k
R ~log, (y) — 7% — Z%(k) <log2 (Q )) (42)
gl

where Euler—Mascheroni constant y,=0.57722. The proof
is straightforward except the integration fo log, (x)

e~/ gy which is solved by using formula given
in [17, & (4.331)]. From (42), it is apparent that the ergodic
rate R, monotonically increases with ¥ and K. In the next
section, we derive the ergodic rate in PNO scenario for
various user selection schemes.

3.2.2 Ergodic rate for PNO case:

1. GS scheme: The SINR I'}}, using GS scheme is given by
(5). The ergodic rate is” seen to be Rg =FE[(1 — @)
log, (1 + Fg )] In high SINR regime we appr0x1mate the
expression as

_ max ¥,lg |
R¥ ~(1- oF|log, | = —
yr|h3k7| +1

by assuming 1 4 T'®}, ~T* .. Clearly random variable ; is
dependent on the cardlnahty of decoding set |7 |, therefore
the ergodic rate for given |7 ;| is obtained as (see (43)).

The simplified expression of each term can be obtained as
(see (44))
where p = ypzyﬂgz /v,{Y;,. In high SNR regime (high y),

www.ietdl.org

E[log, (v)l,7,] becomes 1ndependent of y as y,=min(Z, y).
Proof is presented in Appendix 2. It is also shown that

k
E |:10g2 (r]‘flea% g1k |2)i| Z Ay (k) (10g2 (Q ) + 1762)

(45)
and
20— e L) B/, 250
Ellogs (o -+ 1)] = exp( ) A%
~ log, (%, 3) — 125 (46)

The closed form of approximate expression after averaging
for |7 ;| can be obtained as

R = ZPr(w = 0OR; (47)

sligg1=e

We note that y,, which is the only function of ¥ in the SNR
becomes independent of it for high y. Saturation of the
ergodic rate is therefore expected at high SNR. From (46),
we observe that the closeness of sets J and K leads to
impairment in the secondary rate obtained from (47).

2. 8S scheme: Similarly, using second equation of SINR from
(5) for SS scheme, we obtain the conditional approximated
expression of ergodic rate as (see (48)). The closed form of

E[log, (), 7,1 is obtained from (44) and the expectation
of logarithm ‘of maximum of K SINRs is given by (see
(49)) where ”(k) is digamma function. Derivation is
presented in Appendix 2. For th1s we  use the
appr0x1mat10n for each SINR as |g; k\ [y s + 1) = |g1d?/
v.Jhsi>. The closed form expression of approximated
ergodic rate after averaging as follows

J
S~ ZPT(|jd| E)RSUJ I=¢ (50)
=0

The superiority of SS scheme over GS can be

2wl )}
observed by comparing [E|log, | max —=—5—— and
Y paring |: g2<kel)<(yr|h3k|2+l

E|:log2 <1;g,7é |81k|2)i| — E[log, (7r|h3kf| + DI

Ri,, ~ (- a)[[E[logz (Wl ] + Ellog, (max|gy, )] — [ logy (s |2+1)H (43)
| T4l

Ellog, (¥)lz,1=Y_Ai()e” ”th[l()gz (7) — log, (1 +jp)] (44)
Jj=1

R~ (1= aFlog, (v ]+ (1 — @)E|lo maxM (48)

slig) = &2 (Yl 7, 22 keX -, |h3k| 1
lgul’ >]N_ Y%\ v ¢,<o>(k)
[E|:10gz<’f€’C Yy |h3k| +1 log (f 1/h3> In2 (k) 9
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3. IC scheme: Similarly, the approximated conditional
ergodic rate for IC scheme where SNR is obtained from (7),
is given by (see (51)). From (44), the closed form
expression of E[log, ()] Tal= _¢] 1s obtained. We can derive
the closed form of second térm using (45) as (see (52))

Hence the closed form expression of ergodic rate after
averaging (51) is obtained by

By

=0 ¢

K
> Pr(7,l = OPK(K,l = DRy (53)
=0

sl gl=eiky1=¢

From the analysis, we can easily determine that the ergodic
rate of the DSA system saturates at high y. However
parameters such as number of nodes, primary transmit
power and relay power shift the saturation level. The
ergodic rate for HS scheme is straightforward and can be
easily obtained from the SS and IC schemes by using SINR
given in (9).

4 Simulation results and discussion

In this section the analytical plots of outage are compared
with those obtained by computer simulations. We assume
R,=R,=1bps/Hz. The variance of AWGN noise is
assumed to be unity. We use path-loss Rayleigh fading
channel models so that channel variances are given by
Q=1/d* for nodes in {h,, h,, g1, g, h3} where d is
the distance between the nodes, and € is path loss exponent
(e=3.2 assumed). We assume d, =1, d;, =15 and
d,, = 2. For obtaining the DSA network outage probability
Do.s» We substitute (12), (14) and outage probability for each
selection scheme pb’ when primary is not in outage into
(11). We assume a primary outage probability target of
1073, For obtaining the optimal value of a for each
scenario, we use the following steps:

1. A range of o that is (af, @) is obtained that satisfies the
target outage probability of primary.
2. The optimal value of « is obtained as

*
o

min  p, (@) (54)

aE(a* *)

In Fig. 2, we plot the primary outage probability against .
It can be seen that the primary outage is within a target of

107° when a takes values between o =0.28 and
@y =0.71. In the same figure, secondary outage
probabilities for various selection schemes are also

indicated. We need to choose a value of ¢ in this range for
which the secondary outage is minimum. It can be seen that
the o for optimum outage of IC and HS schemes are close
to o for optimum primary outage. It can be seen that for the
parameters chosen, the best value of o for HS and IC

o Simulation (sec.)
¢ Simulation (pri.)

&0
-
o

[aj =028 s
1 aj =071

-~ \‘\
0.4~ al =045
Lk

04 045 05 055
PDA factor o

ar
hs

107 —L——

02 025 03 035 06 065 07 075 08

Fig. 2 [llustration of outage probabilities against PDA factor o

schemes are ap, = 0.4 and o =0.45. In subsequent
experiments, the optimum values of « is calculated for all
selection schemes (for various parameters) and used in all
simulations.

Fig. 3 demonstrates the performance of the DSA system for
best PDA factor for each SNR y where nodes J are
comparatively close to BS so that d, = 0.8 and d;, = 1.2.
For this location of relays, we obtain the range of o
satisfying primary outage threshold criteria as af = 0.25
and o3 = 0.65. The close agreement between exact outage
and asymptotic outage at high y is demonstrated. It can be
seen that outage performance of the secondary always
exhibits flooring because of interference from 7 to SUs and
constrained power P, to limit the interference at PU. The
flooring in IC plot is because of constrained P;.

Fig. 4 illustrates the outage performances for various
combination secondary nodes J and K for best possible
values of a. For fixed size of J, the plot clearly shows that

as expected intuitively, performance improves with
10° : i
=1 = 18dB ——GS i
J=K=4 sS ‘
10" ——IC

o Asymptotic

Outage probability p,..

24 27

21

15 18
SNR ~ in dB

Fig. 3 Secondary outage probability p,, against SNR y in dB
where the best possible PDA factor a for each scheme is taken

RS e = (1= @ELlogy (%)l 7, -] + (1 — a)[E[logz (max 1l )m:g} (51)
2 _ . g k Ye
[E[logz(irel% g1x] >|;cd§] = k1< )(—1) (10 2(9—5,1) +E> (52)
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10 3| —2— G5 J=3, K varics
3 —=— 88 J=3, K varies

i —+—IC J=3, K varies
_4‘ —d— HS ]=3, K varies
g% GS K=3, J varics

i S5 K=3, ] varies

1 + - 1C K=3, J varies
1075L 4 HS K=3, Jvaries |7 J
1 2 3 4 5

Number of nodes

Outage probability p, .

=)

Yp =7, = 18 dB

2548

Fig. 4 Secondary outage probability p,, against number of
secondary nodes

increasing K. However the constant J limits P, so that
saturation in outage is observed. For fixed size of /C, the
outage probability of GS and SS schemes increase first then
decrease. When J is small, the primary is in outage more
often, and the secondary uses full power. For small increase
in J, the advantage accrued by increased interference
threshold does not compensate for the fact that the primary
is less often in outage. However, for larger J, the increase
in transmit power because of larger J makes up for this.
Note that since IC and HS use IC, they do not show this
trend with increase in J. We note that this observation is a
direct result of the fact that o is chosen to keep primary
outage below a threshold and minimise secondary outage,
and not fixed to a value.

In Fig. 5, we demonstrate the outage performance of the
secondary system for the best possible a. For fixed
secondary number of nodes M =S8, secondary outage is
minimised when both J and K are large. Intuitively, this is
because having a larger J and K ensures a higher SNR y;
and large gain because of selection. Moreover, the impact
of distances on outage performance of secondary network is
presented in Fig. 6. In this figure we have evaluated the
impact of distances for the HS scheme scenario that has
been presented in the paper. Firstly, the distance between
cluster 7 and cluster /C is not of much consequence when
the users in set I employ IC. This is also true of the HS

Qutage probability p,

Relay nodes .J

Fig. 5 Secondary outage probability p,, ; against number of nodes
J with consideration of the best possible PDA factor a for each
scheme

Here total J+ K= 8 secondary nodes are considered
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107 ; .

—w—dy =dip =1, dpg = 1.5, dyy = L,da = 2 k
it 2 i

——dy =0T,dpp =13, dyyg=3,dy1 =1,dp=2 |

——dy =dp =1

——dy =13 Tdy=3,dy=1,dp=2 |
—a—dy = 1.3, =

dg = 0.5,dy5 = 28
ol = .4
dy=1,dp=3

Outage Probability p?

)
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
PDA factor o

Fig. 6 [lllustration of secondary outage probability pffs against
PDA factor a for demonstrating the impact of distances

For this, the optimal aj, for each case is also presented

case that is plotted in the figure (see first two plots of the
figure as per the legend). Second, performance will always
improve as cluster &L moves closer to the BS (see the fourth
and fifth plot as per the legend). Third, because of
interference from the BS to PU in the second hop of the
primary, and because the power used by the BS is a
random variable, secondary performance is not optimised
by location of relay cluster exactly in between the BS and
the PU (see second and fourth plot as per the legend).
Fourth, secondary performance improves when PU moves
away from the BS (decreased interference implies larger
power availability at the BS in the second phase). This is
brought out clearly in the third and the sixth plot of the
figure (as per the legend).

In Fig. 7 approximate ergodic rate are plotted against PDA
factor a and compared with simulations where d;, = 0.8 and
dy, = 1.2. It can be seen that simulations agree with the
derived expressions for GS and IC schemes. However the
SS scheme shows comparatively loose agreement with
simulation as the multiple approximations are used for
providing the insightful rate expression. All schemes show
intuitive results and favor large second phase duration time.
IC scheme suggests higher a than GS and SS schemes
since a larger o facilitates IC. Note that performance of all
schemes decreases with respect to o that falls within the

range [0.25, 0.65] that guarantees primary outage
6.5 T
|-.,_ 4 = 18dB || ——G8
6 "__"-_‘3'”3 o Simulation
|,|_|\_.1 o
5.5 o Simulation -
——IC

> Simulation

Ergodic rate R,

9 . 1 . 1 1 1 1
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
PDA factor a

Fig. 7 Illustration of ergodic rate R, against PDA factor o with
dy, =08 and d,, = 1.2
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6

Ergodic rate R,

=7, = 18dB
J=K=4

——IC |

6 9 12 15 18 21 24 27 30 33 36
SNR 7 in dB

Fig. 8 Ergodic rate R, against SNR vy in dB for the best possible
PDA factor a for each SNR with d, = 0.8 and d;,, = 1.2

performance. In Fig. 8, we demonstrate the ergodic rate R,
against SNR y in dB for the best possible a. The rate
performance of SS scheme approaches the performance of
IC scheme in high SNR y regime. Such type of
performance gain is achieved only by considering the
apportioned o according to the best secondary outage in
range of primary outage constraints.

5 Conclusion

We proposed a new CM scheme for DL transmission where
the BS uses DSA principles to multiplex symbols to a
selected user located close to it, while guaranteeing
performance of the distant user served by a selected relay.
Expressions were derived for outage and ergodic rate
performance with various user selection schemes. It was
shown that duration of the two primary hops should be
carefully chosen for the best secondary outage performance.
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8 Appendix

8.1 Appendix 1: Derivation of CDF and PDF of Z
given in (15) and (16)

We first note that |4 -|2 is the maximum of |7 ;| independent
and identical exponentially distributed random variables,
each with CDF Pr(jhy| <x)=1—e /%, Clearly,
F|h2/*|2|\Jd\:@(x) = [Pr(|hy] < x)]° using property of order
statistics [18, eq. (2.1.1)], which on using the binomial
expansion results in

4
¢ i—1_—ijx/Q)
Flhzj*\zhjdlzf(x) =1~ Z(J.)(—l)f e W/ m

=1

Denote by V' = T, =¥, |hyx|* — 1 the right hand side of (3).
We obtain CDF of V' for V' =7, > 0 as

1
Iy |* > _—>
2j 5

r

FV‘\Jd\(V) == PI‘(V <vy

1
Pr(V <v)— Pr<|h2j*|2 < 7_>

1
Pr( |hy > > _—>
( Y ¥,
1 1
Fat (5) =P (5)
r 1 r (55)
=P (5)

After substituting values of F,
o 1711741

readily obtain the CDF of Z=V/|g,]* for given |g,|* as
@ =Pr(V < zx| 7 1 \g,2=0)- Since the

|g2|2 ~e 2gz/ng, FZ'\J,H:I(Z) = jgo
(zx)flgz‘z(x) dx can be written as (see (56))

(x) into (55), we can

2l 1=tigrP=x
channel  gain
Vg 1=t1g52=x
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We can solve [, by using [17, eq. (3.310)] and obtain

1

=

Jjz
+
Qg

ulz{_—

Y- QhZ

which can be substituted back into (56) to obtain (15). We
derive (16) usingfz“\m:[ (2) = dFZ“JdH/dz.

8.1.1 Appendix 1: Proof of (18)

We first derive the CDF of the SINR ', presented in (5). To
this end, we first write the CDF for given y, and Ay

1
Fre (x)= [Pf(|g1k| %

K
|73t ? = y)] considering the conditional gains at nodes in

as

Iy, = w,

okt byl g 2=y

IC are 1ndependent and identically distributed. Using

Pr(|g1k| <x)=1- /%1 e have
K
Fre H'vs " |’Y3U\2:}( X) = |:1 —e i|

Wthh can be averaged over the CDFs of variables y,; and
|yt | to give (see (57))
:| we

x(yy+1D)

Wl

x4

After using the binomial expansion of |:1 e "

www.ietdl.org
obtain (see (58))

We first integrate over |h3kr|2 using f\hmlz(y) —e /M /5
and the relation [17, eq. (3.310)] to obtain (see (59))

which is further averaged by using stMJd\
(60))

Il, is solved using f Sw)d(w—y)dw=/f(v). For 11, we
substitute fz‘ (w) from (16) and use the following partial
fraction expansmn (see (61))

For integrating each term we use [19, eq. (5.1.4)], and obtain
(18) after rearranging the variables.

(w) from (14) as (see

8.1.2 Appendix 1: Proof of (22)

To find the closed form expression in (22), we first write the
conditional CDF of Iy for given y, as

Frs 1,0 = [Fy 1*

le =w Akly =w

After substituting F} Toily, _,(x) from (21), we use the binomial

174l

R
(=1 e %

I

00 _ 7jzx X
FZMdezz(Z) =1- Z <|j.d|> j e w2 Qe gy (56)
=N\ Pr(|hzj*| > ] )ng =0
T 7 syt 7E
Frg N ‘(x) = j j 1—e 1 st||Jd|(W)f\h3k1'|2(y) dw dy (57)
y=0w=0
k K . 0 poo  kx(yy+1)
k=1 y=0Jw=0
K e [ e "o
Fl“isk*lww(x) =1- Z < k )( =D jw—O fmw( ) dw (59)
k=1 (14 ;
ngl/m
I 10
. ke
k i Y e Wl 00 e Wl
Frgsk_t‘ljd‘(x)z I—Z(k)(_l) [ fzhm(W) dW+[1_FZ|U(')’)]j S(w—y) dw
S — w=0 —
k=1 1+ - " (4 Yr
W1/ WCq1/h3
(60)
- " 61

ta(l‘ + b)c Z( ) m! pet+m ja—m n! (_b)a+n (f + b)c—n ( )
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expansion and obtain

hx
=1- EK T wQy,,
K 3 e »
FF.?,SH ‘Ys:w(x) =1 < k >( l)k 1 <—

k
erQhS
)

gl
which can be averaged using PDF of y, from (14) using a
procedure similar to that used to derive (18).

8.2 Appendix 2

Achievable rate for each scheme 1is given by
R = (1—a)log,(1+ Fspﬁ). Assuming Fsp"}ﬁ >>1 we
obtain R?™ ~ (1 — a)log, (Ff}?). With this, the ergodic rate
becomes E[R}™] = (1 — a)E[log, (I'}}3)]. Substituting the
SINR for each case yields (43) and (48). We present an
outline of the derivation of each term. Firstly (see (62))

Using CDF and PDF of Z from (15) and (16), we simplify
(62). We also use the definite integral

o ylog, (y) log, (1 +/p)

)2 1+jp Jply

(64)

1
Fpss (x) >~ 1 — —————  large v,
Fx,k() 1+X’)/rQh3 g Y.
Q

gl

and the CDF Fps ( is given by Frsst(x):
Kral s,k

K
1 ! We obtain PDF _ e
T | e obtain fri,sw (x) = ™ as
1=
Q,
(K k=1, s 1
s =2 ()= o
k=1 gl AL
14—
le
(64)

Clearly the expected value of X = log, (I';%;) is obtained by
(see (65))

We solve the integration by using [17, eq. (4.331)]. Using
these, (48) and (49) can be established.

Y

Ellog, (7)1 = [

w=

. log, (wyzm(w) dw + j

00

(1 =Fz, (M)]og, W)d(w — ) dw (62)

w=y

(o8]

[E[X]:j

x=

270
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log, ()fs (1) dv = XK:(K>(— -k
0 K =\ k Q

Y j ® log, (x)
k+1
I VT AN (65)
a0
gl
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