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Abstract—We consider transmit antenna selection with receive
generalized selection combining (TAS/GSC) for cognitive decode-
and-forward (DF) relaying in Nakagami-m fading channels. In
an effort to assess the performance, the probability density
function and the cumulative distribution function of the end-
to-end SNR are derived using the moment generating function,
from which new exact closed-form expressions for the outage
probability and the symbol error rate are derived. We then
derive a new closed-form expression for the ergodic capacity.
More importantly, by deriving the asymptotic expressions for
the outage probability and the symbol error rate, as well
as the high SNR approximations of the ergodic capacity, we
establish new design insights under the two distinct constraint
scenarios: 1) proportional interference power constraint, and 2)
fixed interference power constraint. Several pivotal conclusions
are reached. For the first scenario, the full diversity order of the
outage probability and the symbol error rate is achieved, and
the high SNR slope of the ergodic capacity is 1/2. For the second
scenario, the diversity order of the outage probability and the
symbol error rate is zero with error floors, and the high SNR
slope of the ergodic capacity is zero with capacity ceiling.

Index Terms—Cognitive relay network, generalized selection
combining, Nakagami-m fading.

I. INTRODUCTION

The conflict between the stringent demand for high data
rate and data service on the one hand, and the unbalanced
spectrum occupation in time and geographic domains on the
other hand, has become a challenge for future wireless systems
[1]. To cope with this, cognitive radio, first coined by Mitola,
has rekindled increasing interest in the efficient use of radio
spectrum. In the underlay paradigm, the secondary users (SUs)
are allowed to access the spectrum allocated to primary users
(PUs) as long as the interference generated by the secondary
transmission is restricted below a certain threshold, namely,
interference temperature [2]. The constrained transmit power
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at SU typically results in unstable transmission and restricted
coverage, which drives the demand for robust transmission
techniques suited for networks that are subject to power and
interference constraints [3]. Relaying is regarded as a cost-
effective approach for supporting high speed and long distance
networks [4, 5].

The majority of the studies on cognitive relay networks
have focused on single antenna protocols [6-8]. Multiple-
input multiple-output (MIMO) techniques, well-known for
their many benefits including enhanced reliability [9], spectral
efficiency [10], and co-channel interference suppression [11],
open up new dimensions for cognitive radio. For example, as
shown in [12], multi-antennas are utilized at SU to achieve
spatial multiplexing. In [13], the novel distributed antenna
selection is proposed in relaying system. In [14], the effect
of transmit antenna selection with receive maximal ratio com-
bining (TAS/MRC) on the the ergodic capacity was analyzed.
In [15], the outage performance of TAS/MRC and TAS/SC
are examined over Nakagami-m fading channel. It is shown
in [16] that the diversity order is independent of the number
of PUs and the selected number of receive antennas at SU.

Different from the aforementioned works, in this paper,
we consider cognitive relay networks from the viewpoint of
TAS/GSC as an effective design to enhance the reliability
of the secondary network and to mitigate interference to the
primary network. From a power perspective, cognitive spec-
trum sharing with network cooperation addresses fundamental
constraints on the transmit power at the SUs, while keeping
the interference temperature at the PUs to a minimum [17].
On the one hand, TAS is acknowledged as a core component
for uplink 4G long term evolution (LTE) and LTE Advanced
systems because of its low feedback requirement compared
with closed-loop transmit diversity [18]. On the other hand,
with the merits of low power demand and RF cost, GSC
offers a performance/implementation tradeoff between MRC
and selection combining (SC) for the secondary network
[19,20]'. Additionally, by excluding the antenna chains with
weak channel powers, GSC can be more robust to channel
estimation errors than MRC [21]. In [22], it is shown that
GSC outperforms MRC in a non-identically distributed noise
scenario.

The objective of this paper is to examine the impact
of TAS/GSC in underlay cognitive relay networks over

IGSC is well applied to commercial wireless networks where the receiver
is subject to resource constraints, such as limited RF chains due to size and
complexity limitations [26].



Nakagami-m fading. The Nakagami-m fading environment is
considered due to its versatility in providing a good match
to various empirically obtained measurement data [23]. In
the secondary network, a single antenna which maximizes
the signal-to-noise ratio (SNR) is selected at the secondary
transmitter, while a subset of receive antennas with highest
SNRs are combined at the secondary receiver. For coverage
and reliability enhancement, a decode-and-forward (DF) relay
is used in the secondary network to assist the secondary
transmission. Note that the transmit powers at the secondary
source (S) and the secondary relay (R) are limited by two
constraints: 1) the peak interference constraint at the primary
receiver, and 2) the peak transmit power constraint at S and R.
It is also important to note that the performance of underlay
spectrum sharing is typically restricted due to these two strict
power constraints. With the help of TAS/GSC relaying, less
transmit power is required at S and R, which in turn reduces
the interference at the PU, allowing for high speed data
services over wide area coverage. The main contributions of
this paper are summarized as follows.

e We derive new exact closed-form expressions for the
cumulative distribution function (CDF) of the SNR with
TAS/GSC. Although the CDF expressions were presented
in [19,24] with the aid of the trapezoidal rule, they are
not in closed-form and cannot be used to derive the CDF
of the SNR with TAS/GSC.

e« We derive new exact closed-form expressions for the
outage probability and the symbol error rate (SER) to
accurately assess the joint impact of antenna configura-
tion and channel fading. We further derive the asymptotic
expressions for the outage probability and the SER under
the two cases: 1) proportional interference power con-
straint, and 2) fixed interference power constraint. We
confirm that the full diversity order is achieved for the
proportional interference power constraint. For the fixed
interference power constraint, the diversity order is zero
with error floors in the high SNR regime.

o We derive an exact closed-form expression for the ergodic
capacity. Notably, this is the first closed-form expression
for cognitive relay networks with TAS/GSC in Nakagami-
m fading channels. More importantly, we obtain a tight
high SNR approximation of the ergodic capacity for the
two cases: 1) proportional interference power constraint,
and 2) fixed interference power constraint. Interesting
conclusions are reached. On the one hand, the high
SNR slope is independent of the antenna configuration
and the fading parameters, but on the other hand, the
high SNR power offset is fully described by the antenna
configuration and the fading parameters in the primary
and secondary networks. The high SNR slope is 1/2
for the proportional interference power constraint, and is
equal to zero for the fixed interference power constraint.

II. SYSTEM AND CHANNEL DESCRIPTION

We consider a dual-hop cognitive DF relay network con-
sisting of S with Ng antennas, R with Ny antennas, D with

Np antennas, and PU with a single antenna. We assume that
the PU transmitter is located far away from the secondary
network. This assumption is typical in large scale networks
where the interference from the PU transmitter is negligible [6,
25,26]. We also assume there is no direct link between S and
D due to long distance and deep fades [27]. Both the primary
channel and the secondary channel are assumed to undergo
quasi-static fading with independent and identically distributed
(i.i.d.) Nakagami-m distribution. We assume perfect channel
state information (CSI) between the secondary transmitter and
the PU can be obtained through direct feedback from the PU
[28], indirect feedback from a third party, and periodic sensing
of pilot signal from the PU [29]. In the secondary network, a
single transmit antenna among Ng antennas which maximizes
the GSC output SNR at R is selected at S, while the Ly
(1 < Lgr < Ng) strongest receive antennas are combined at R.
The signal transmitted by R is decoded and forwarded using a
single transmit antenna among Np antennas which maximizes
the GSC output SNR at D, and then combined at D with the
Lp (1 < Lp < Np) strongest receive antennas. Let {g1,;}
denote the channel coefficients of the Ng x N channels from
StoR withi e {1,...,Ng}, j € {1,...,Ng}, and {go;x}
denote the channel coefficients of the Ng x Np channels from
RtoDwith k € {1,..., Np}. Also, {hy;} denote the channel
coefficients of the Ng x 1 channels from S to PU, and {ho;}
denote the channel coefficients of the Ny x 1 channels from
R to PU. The channel coefficients follow the Nakagami-m
distribution with fading parameters mg1, mg2, M1, and mpa,
and average channel power gains 41, Qg2, Qp1, and Q2. In
the following, || - || is the Euclidean norm, | - | is the absolute
value, and E[-] is the expectation.

The pilot symbol block P;, (1 < ¢ < Ng), are transmitted
from each transmit antenna at different time slots. Based on
these pilot symbols, R perfectly estimates CSI, then arranges

2\ Nr~ . . 2 2
{|9145] }J.Zl in descending order as |g1;1)|” > |gui2)| >

> |gli(NR)’2 > 0 for the each transmit antenna ¢ at S.
Note that before the transmission process, the selected number
of antenna chains L and L at the receivers are determined
by the limited number of radio frequency (RF) chains due
to size and complexity limitations. According to the rule of
GSC, the first Lr (1 < Lg < NR) received signal power(s)

are comibined at R to obtain 0; = Z f gh(j)| The selected

transmit antenna ¢* is determined at R by

Lr
* = argmax{ 0; = i , (D
e s Lol

which maximizes the total received signal power. To this end,
the index of the selected transmit antenna is sent back to S
through the feedback channel, so that only [log, (Ng)] bits
needs to be sent to S. As such, the selected channel vector is
denoted as g15+0,. = [g1i+(1), " » 91i*(Ln] - Similarly, in the
second hop, the index of the selected transmit antenna at R is



determined by

Lp
argmax{@ —Z|92](k)| } 2)

1<j<Ng Pt

As such, we denote the selected channel vector as 82j%0,. =
[92;‘*(1), T ,92j*(LD)]-
According to underlay cognitive relay networks, the transmit
powers at S and R are constrained as
)
hoje? /)

3)

respectively, where P is the maximum transmit power con-
straint at S and R, and @ is the peak interference power
constraint at PU.

The instantaneous end-to-end SNR of the spectrum sharing
network with TAS/GSC and DF relaying is defined as v =
min {71, v2}, where the instantaneous SNR of S — R link is

Ps = min (P, 72) and Pp = min (P,

2_
-~ 81i%0,« || Y
|27P7 || ‘ 2 Q) (4)
|h1i*

and the instantaneous SNR of R — D link is

71 = min (ng*ei*

2_
2_ 8250+ || YQ
T, ”jz) 5)
|haje

In (4) and (5), we define 7p = Nio and 7 = NQO, where
Ny is the noise power of an additive white Gaussian noise
(AWGN).

Y2 = min (ngj*ej*

III. NEW STATISTICAL PROPERTIES

In this section, we derive new statistical properties of the
end-to-end SNR, which is a challenging problem due to the
complex nature of TAS/GSC in Nakagami-m fading. Based
on these statistical characteristics, we present the exact and
asymptotic outage probability, SER, and ergodic capacity.
Without loss of generality, these new statistics can be easily
applied to other wireless networks with TAS/GSC.

Based on the expressions of +; and 7 in (4) and (5),
respectively, we first derive the CDF of ||g1;+¢,. |* in the
following lemmas.

A. Expressions for CDF of ||g1i+6,. % in the Secondary Chan-

nel
Lemma 1. The expressions for the CDF of ||g1i+0,. |2 are
derived as
L N, Ns
B1i%0,x (mgl - 1)' Lr
Z By %% e 7T (6)
sl5xl
where > 2 Y3-X- Y, Sp o=
S}LsK\ SrSL Sk SJR‘SK|
ISk |
{ (’Il.,-’l, R ,nT,‘SK‘)’ Z Nrk = Ns} with {Tlﬂk} € 7",
k=1

|Sk| is the cardinality of the set Sk, and Sk denotes a set
of (2mg1 + 1)-tuples satisfying the following condition

Sk = {(n?o, ... ,nfﬂngl_l,nkF,O, ... ,nkFﬂngl)|

mglfl mg1

Z ngi="Lgr— 132”& = Ng — Lg},
i=0 j=0
thereby |Sk| = (mglJFLR*z) (mf’1+NR7LR), and S%

mg1—1 mg1
{(npk)o,...,npk,mglLR_,_bkF n‘rk} k =

7}'Lg1LR+b5
Z Nor,n
n=
Lo Sl with {n? b {nf J2 { of, ), and {0}
Z+ In (6), hk, 0k, and my, are respectively glven by
qlLR+bk
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m
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|Sk| mg1 Lr+bi
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where na, pr(n), ve(n), le(n) ag, af, bF, bk, Ti1, Tie,
Y13, and Y4 are defined in Appendix A.

Proof. See Appendix A. O

Vi (n)npk,n7 &)

B. Expressions for the CDF of Hggj*gj* ® in the Secondary

Channel

The CDF of ||g2;+s,- ? follow from (6) by interchang-
ing the parameters mg; — Mgo, Mp1 — Mp2, Lgp —
LD, NR — ND, Ns — NR, SR — SD, ‘SK| —

Sprl = ST e = . 6 — 6. and
nk — nt’ Where Z ZE...Z... Z’SD =
S|5T| Sp S}, St S\ST\

{(nr1,- inryse))] Z nry = Ng} with {n.} € Z*, |Sy|

is the cardinality of the set Sy, and Sy denotes a set of
(2mgo + 1)-tuples satisfying the following condition

_ D ol F F
St = {(nt’o, e M =15 M0y - - - 7nmng?)’
mgg—l m92
§ : @ § ' Fo_
nm:LD—l, ’I’Lt’j—ND—LD},
=0 7=0

m Lp—2\/m Np—L

thereby |Sr| = ( grf,:ﬂfl ) ("o s P), and

mgeLp+bl

SE = { (nPt 05 npt,mggLD-'er) Npn = Nr t}
t=1,--- I8¢, with {n®;}, {n?;}, { ntj} and {n,, n} €
Z7". Note that hy, 0;, n; follow from (7), (8), (9) by inter-
changing the parameters ux(n) — ui(n), ve(n) — vi(n),
lp(n) = Li(n) af — af, bf — bF, ¢t — ¢, af — af,




b,lg — th, Cg — Cf, Tkl — Ttl’ Tk-Q — Ttg, Tkg — Ttg,
and Y4 — Y4 Here, j14(n), ve(n), £e(n) af, be, cf, al’, bF,
el Y1, T2, Tig, and Ty follow from (A.15), (A.16), (A.14),
(A.6), (A7), (A.9), (A.10), (A.17), (A.18), (A.19), and (A.20)
by interchanging the parameters mgq — mg2, Mp1 — Mp2,
th — th, LR — LD, NR — ND, NS — NR, SR — SD,
|Sk| — |Sr|, SEK — SjljsTl, Nrf — Norts nf,i — ngi,
n%’i — n?ii, ngj — nfj, and n,, n — Ny, -

C. Expressions for the CDF of v1

With the help of the CDF of ||gi;+,. |* and |hy;+]?, the
closed-form CDF of ~; is evaluated in the following lemma.

Lemma 2. The expression for the CDF of vy is represented

as
LR NR NS ~ —
F (l‘) = ( ) Ns! hk:k (.’)3), (10)
71 ((mgl _ 1)! LR ) S;{
R
where
L(mn, 512) .,z o, —
= 1 hl T \UE Nk 5 +
K () ( F(mhl) 'YP) e P
(% mp1 (i)@k F(9k+mh1’ (?Zl:ll + %)%) an
th ’_YQ (mhl _ 1)'(?;7:11 + %)Gk-ﬁ-mhl
Proof. See Appendix B. O

D. Expressions for the CDF of vy

Similarly, the CDF of ~5 follows from (10) and (11) by
interchanging the parameters mg; — Mg, Mp1 — Mp2,
Qn1 = Qpo, . — n¢, and 0, — ;. Note that our expressions
are valid for arbitrary fading severity parameters in all the
links.

IV. OUTAGE PROBABILITY

In this section, we concentrate on the outage probability.
We derive a new closed-form expresssion for the exact outage
probability. In order to assess the performance at high SNRs,
we derive the asymptotic outage probabilities with the propor-
tional interference power constraint and the fixed interference
power constraint.

A. Exact Analysis

In DF relaying, the end-to-end outage probability is deter-
mined by the worst link between S — R and R — D links,
which is given by [30]

Pout (7en) =Pr (min(y1,72) < vin)
= F’Yl ('Vth) + F’Y'z (’Vth) - F’Yl ('Yth) F’Y2 (’Vth) . (12)

By substituting (10) and the CDF of v, into (12), the outage
probability is finally derived in the following theorem.

Theorem 1. The closed-form expression for the outage prob-
ability of spectrum sharing networks with TAS/GSC and DF

relaying in Nakagami-m fading is derived as

Pout (ytn) =
Ngs ——
1— (1 _ ((anflil)l (JI\/];;)) Nsls%(lhkak ('7th)>
Ngr ——
(1 _ ((mgf[il)! (JI\//E)) NR!S%;lhtEt (’Vth)) (13)

Our new closed-form expression for the outage probability
is valid for an arbitrary number of antennas of the secondary
network and arbitrary fading severity parameters in all the
links.

B. Asymptotic Analysis

1) Proportional Interference Power Constraint:

We first examine the asymptotic behavior with the propor-
tional interference power constraint. As such, we assume that
both P and Q grow large in the high SNR regime. This applies
to the scenario where the PU is able to tolerate a high amount
of interference from S and R. With this in mind, we take into
account and study the effect of the so-called power scaling on
the outage probability. Similar to [7,25], we consider @ = P,
where p is the power scaling factor and is a positive constant.

Theorem 2. When Q scales with P, the asymptotic outage
probability of cognitive spectrum sharing with TAS/GSC and
DF relaying in Nakagami-m fading at high SNRs is derived
as

Posy () = (GAp) " o (7p79),  (14)
where the diversity order is
G4 = Nr x min{mg1 Ng,mg>Np} (15)
and the SNR gain is
Alv(f’;R) mgle < mggND
G, = AZV(tLhR) mglNS > mggND (16)
Sl 21y = e,
with o o o
A, (LR)— gl [K(SKaNRaLRvmglvakvbk)}7%#1%
mg1 (mg1NR)!
E(mglamhlthDNS) —m%
[®(mp1, Q1) + a1 NaNs | aNENS | (17)

Q2 KSCI),N aL , M 7a<1>’b<1> — N
O e
E(mg2amh2a9h27ND)]fm' (18)

[® (mp2, Qn2) + [me2NeND



In (17) and (18), we have

o ® 1 d L(JE)
K(S ,N,L,mg,a”,b ): NI
(mg —1)!(my!)
(b® +my(N — L+1)—1)
o g
Z b1+mq( —L+1) ’ (19)
m mp—1 mp J
®(mp, ) =1—¢" o Z M, (20)
=0 7
L(mgNrN +mp, pg)
E(m ,mh,Qh,N) = po . (21)
’ (mp — 1)} ()N
Proof. See Appendix C. [

Based on (15), we see that the diversity order is dominated
by the fading severity parameter of the two hops and the total
number of antennas at S, R, and D. Interestingly, it is inde-
pendent of the fading severity parameters of the interference
channel, and the selected number of antennas at R and D. The
negative impact of the peak interference power constraint is
reflected in the SNR gain.

Corollary 1. The SNR gap between GSC and SC is derived

as
m lNR 10g (Tl) mglNS < mgQND
Go= |~ log(T2) mg1Ns > mgzNp
A1 (LRr)+As(L
10log (W) mg1Ns = mgaNp ,
(22)
where
T, = (mgll)NR_l (mg1 — 1)'
Ng (mglNR -1
and
Vo=t 1)
Ty, = (mg2) (mg2 ) K(S$7ND7LD,mg27a?,bt@)_

ND (mggND — 1)‘
(24)

2) Fixed Interference Power Constraint:

Different from the proportional interference power con-
straint which can tolerate an extremely high peak interference
power constraint and may potentially violate and harm the
PU transmission [6], in this subsection, we focus on a stricter
constraint where the peak interference power constraint is fixed
[31]. We present the asymptotic outage probability with the
fixed interference power constraint in the following theorem.

Theorem 3. Under the fixed interference power constraint, the
asymptotic outage probability of cognitive spectrum sharing
with TAS/GSC and DF relaying in Nakagami-m fading at high
SNRs is derived as

Pooi (vn)
H, ((I)l (’lym )mglNRNS +5 (Zytg )mleRNS)
mglNS < m92ND
By (0 (2) " 4 ()™
- mg1Ns > mgaNp
(H1<I)1 + HQ(I’Q) (%h )mglNRNs
+ mg1 NrN,
(L E) + Hys) (22) "N
mg1Ns = mg2Np ,
(25)
where
. [(g;j)mglNRK(S};’NR’LR’mgha%’bg)]Ns(26)
! (mg1NR)!
. [(?;jj)MgzNDK(S ND,LD,mgg,a?,b?)]NR(27)
? (mg2Np)!
Q1 = @ (mp1, 1), P2 = P (Mmn2, Un2), (28)
El E (mg17 mhp1, Qh1> NS) (29)
and
Ey = E(mg2, mn2, U2, Np). (30

Proof. The proof can be done in the same way as the proof
of Theorem 2. O

From (25), we see that the diversity order of the outage
probability tends to zero under the fixed interference power
constraint.

V. SYMBOL ERROR RATE

In this section, we focus on the SER as another important

K( SK7 Ng, Lg,mg1, ak , b‘b) (23) performance evaluation metric. For most modulation schemes,

the SER of a conventional wireless communication system can

be expressed as [32]
\/7/ f "Y d’Y7

where a and b are modulation specific constants. For example,
a = 1, b = 1 for BPSK (binary phase shift keying), a =
2(M —1)/M, b = 3/(M? — 1) for M-PAM (M-ary pulse
amplitude modulation), and a = 2, b = sin? (x/M) for M-
PSK (M-ary phase shift keying).

€19

A. Exact Analysis

Substituting (10) into (31), the SER of S — R link can
be derived by utilizing [33, eq.8.310.1], [33, eq.8.352.2], [33,
€q.9.211.4.8] and the polynomial expansion. Using the same
method, P.o, which is the SER of R — D link can be easily
computed. Substituting the derived expressions of P.; and Peo
into

P.=1-(1-P,) x (1 P.), (32)



yields the SER of cognitive relay networks with TAS/GSC and
DF relaying in the following theorem.

Theorem 4. The closed-form expression for the SER of
cognitive spectrum sharing with TAS/GSC and DF relaying
in Nakagami-m fading is derived as

o a b LR NR Ns |
Pom1- (- R () e

> W (M1, Qna, Ok, 1))

S]"{SK‘
a [b Lp Np\. e |
(1‘2\/;((%2_1)!(@)) Nr!

Z BII (maz, Quz, 0r,m1)),

(33)
sl
where
L (mp, 222)  p(h+ L 1
Ly, 00, 0,) = (1~ L0 BP)) TOXE) (1o
L(mn) 7 (b4 )2 7P
P
1 _mrQ 1,941
| Q,P (_ 2
+(mh—1)'(0+mh e )
O+myp—1
1 1 Q"™ mpym+i_1
T +3) ;%;) e () "
r 3. nQ \YQmn
W@4—Tnz mh+24b+ﬁQP)th)] (34)

B. Asymptotic Analysis

1) Proportional Interference Power Constraint:

Substituting (14) into (31), together with the help of [33, eq.
(3.310)], we derive the asymptotic SER under the proportional
interference power constraint in the following theorem.

Theorem 5. When Q) is proportional to P, the asymptotic SER
of cognitive spectrum sharing with TAS/GSC and DF relaying
in Nakagami-m fading at high SNRs is derived as

P = (GAp) 4o (@p %), (35)
where the diversity order is
Gd = NR X min {mgle,mggND} (36)
and the SNR gain is
A A mgle < mggND
G.= JACYAD mgle > mggND 37
AMAL+ ANy mgiNg =mgNp,
where
a [1 NS
M =[S/ =D (maNeNs + 5)] b, (38)
a |1 IN
Ay = [5 —I(my2NrNp + 5)} b, (39)

and Ay and Ao are given in (17) and (18), respectively.

Based on (35), we find that the diversity order is inde-
pendent of the modulation scheme and the peak interference
power constraint (). The fading severity parameters of each
hop and the antenna configuration have a direct impact on the
diversity order while the interference power constraint at PU
has a direct impact on the SNR gain.

2) Fixed Interference Power Constraint:

Substituting (25) into (31), we derive the asymptotic SER
under the fixed interference power constraint in the following
theorem.

Theorem 6. Under the fixed interference power constraint, the
asymptotic SER of cognitive spectrum sharing with TAS/GSC
and DF relaying in Nakagami-m fading at high SNRs is
derived as

P
mgNgrN —_ mgNRrN,
01 (01 (25)™ M 421 (5) )
. ml%lfj\vfs < mg2Np,
GQ(QQ(%)mgl R D+EQ(%)MQ2 R D)
= e mgle > mggND,
(@1<I>1+@2(I)2) (’7%)’”9 e NN
= =) (L) e RS
HOE 0,3 ()™
mglNS = mg2ND ’
(40)
where
['(mg NgNg + 1
1
0, — aF(mgQNRND+2)H2, 42)

2\/7?b7”92NRND
and Hq, Ho, &4, &9, Z4, and =5 are given by (26), (27), (28),
(28), (29), (30), respectively.

From (40), we find that the diversity order of the SER goes
to zero under the fixed interference power constraint.

VI. ERGODIC CAPACITY

The ergodic capacity is an important performance indicator
for cognitive underlay spectrum sharing. It is defined as the
maximum achievable long-term rate, where no delay limit
is taken into account. Under these assumptions, the ergodic
capacity is expressed as

oo o0

1 1 [1-F (2)
Cury =5 [ Yoy (1 2) £, (@) = s [ 2
0 0

(43)

To simplify (43), we define F,, () = 1 + F,, (z) and
F,, (z) =1+ F,, (x), and rewrite (43) as
[o <l ~
Sy EACTACY
2In2 1+
0

Cerg = €T, (44)
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where
~ L Ne\vs . o=
F, (z) = (mgllj ol (LI}:))N Ng! zszhkbgn (k) Eg ()
SR K
(45)
and
- L N, R ~ -
P o) = (G Zegyy () Vet S s () 21,

[ST|
SD

(46)

In the following, we assume mp; = mpe = my, and Qp =
Qpo = Q.

A. Exact Analysis

Substituting (45) and (46) into (44), and with the help of
[33, eq.8.352.2], [33, eq.9.211.4.8], and the partial fraction
expression [33, eq.2.102], we obtain a general closed-form
expression for the ergodic capacity in the following theorem.

Theorem 7. Our new closed-form expression for the ergodic
capacity of cognitive TAS/GSC relaying in Nakagami-m fading
is given in (47) at the top of the next page. In (47), we have
defined the following terms

v =(1 —F(mmgg:)/f‘ (mh))(%})e, (48)

_ A (9+mh — 1); 1.9 _mn@ O+mp—1 1
Al,n,jk)=——"2(— QpP E —
(0,m.4,k) (mhfl)! (’YQ) e = 4!
Qi< (]) mp\mrti=k op ok
—= — —) 49
()@ 6L 49)

(50)

107 EONUNL . Simulation

Exact

Asymptotic

Outage Probability

Fig. 2. Cognitive spectrum sharing with TAS/GSC and DF relaying: Ng = 2,
NR = 3, ND :3, mg1 = 1, mg2 :2, Mp1 = Mp2 22, andﬁQ =
20 dB.

A p_
v (1,1 k) ST (7) Goma/m) ™0 (1,7 +1 -1
(T]t + nk) '?th/'_}/p’f]Qh) s (51)
(Yomn/n, — 1)171

(omn/mh — 1) (Ggmy, nxQ, — 1
(_1)9+mh71+1 (j+0+mh—l—1)

j—1
(Fomn /) T 1y — 1y ) TR
(52)

1>

d(n,1)

)9k +myp

RVAN
"5(9777,1,]) -

with T =0, + k1 +60; + ko + 1.

Our result can be applied and simplified to the special cases
of TAS/MRC and TAS/SC in Nakagami-m fading channel, as
well as TAS/GSC in Rayleigh fading channels.

B. High SNR Capacity analysis

To examine the capacity performance in the high SNR
regime with ¥ p — oo, we derive the high SNR approximation
o the ergodic capacity in closed-form. With the aid of the
Jensen’s inequality, a tight upper bound on the ergodic capacity
is given by [34]

1 1
Cerg = iE [logy (1 + )] < QIOgQ]E (1+7). (53)

Thus, the tight high SNR approximation of the ergodic capac-
ity is presented as [34,35]

o 1 1
erg ~ 510g2]E (1 + 7) ~ §1Og2E (7) . (54)
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S
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+
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Nk un

0, +my, k(O e, 11, 7)

= (oma/mQn —1
O +mp
_|_

(_1)i+9t+mh—l2

)9k+’mh*i+1 K (eta Mt 127 Z)

i=1 (Wth/??th -1

)9t+mh_j+1)y(nk’llvklka) +Sgn(‘77k - 77t|)’/(77t712,k17k2) Z

(mn /% — 0e/30)" T

\Y (gt) A (ekankmjhkl) + A (9k777k7j17k1)

Or+mpn

>

l1=1

(—a(nk,ll)+

Or+my,
(~0n.12)
lg:l
<1—sgn(nk—m|>>u<nk,z3,k1,k2>H
_ Or+60:+2mp —m—+1 :
l3=0r+mp+1 (’meh/nth - ]‘) RO " *

Or+0¢+2mp,

(47)

Therefore, we can rewrite (54) as

Corg =~ log2 (/ xfy (z)dx) = flogQ / dx)
0
flogz F, ( (z) dx. (55)

o\

1) Proportional Interference Power Constraint:

Based on (55), the high SNR approximation for the ergodic
capacity with the proportional interference power constraint is
written as

[eS)
Cerg

[Ing ’YP + log,

1\3\»—\

07 @)

(56)

Substituting (45) and (46) into (56), and with the help of [33,
eq.8.352.2], [33, €q.9.211.4.8] and the binomial expansion,
the high SNR approximation for ergodic capacity with the
proportional interference power constraint is derived in the
following theorem.

Theorem 8. When Q) is proportional to P, the high SNR
approximation of the ergodic capacity is derived as

1
Corg = 10g2 (¥p) + ilogz (1), (57)

where
Lgr <NR) Nsrr 1 X~
T=(——— Ng! I
((mgl—l)! 1)) Ns §|S:| ks (7k)
Sp K
Lp Np\\Ng ~
_— Np! E h
((mgz—l)!(LD>) " bt e ()

O+mp—1 Jjo

HA YD A (Or g, Ka)

[)\2 L +0:+1)

Or+60:+1
(MK + 1¢) Lo jo=0  ks=0
9k+mh 1 5
Vg (nt,etaoakQ 0k7]17k1)
(1/ )9k+j2+1 Z Z 9t+]1+1 (58)
K 71=0 k1=0
Op+mp—1 ji1 Oi+mp—1 j2
Vs (T]k,ak,kl,())-f— Z Z Z ZQ
J1=0  k1=0 j2=0 k2=0
AS (9k7j17k1)AS (9t7j27k2) (59)
(mh/Qh)f?k-‘r@t-i-l(I/M)J1+]2+1

In (58), we have defined

— 1! my (7 Or+0i+j+1—0
A (0,4, k)2 Omn LR g (7Y (1 ,
(60)
-1 O+mp—=1) (0, +0,+2m) —1—1
ks (0,7,1) 2 S C et ) (61)

(1/77t _ l/nk)0k+9t+2mh—lnkl+k2_l7
vs (n,€,k1,k2) él“ (Op + k1 + 0, +ka+1) (1/n)0k+6t+1
(O + ko + 00+ ko + 1, O+ by + Otk +2 = my —

(ne + nk)mhu)

62
Qun (62)
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A
0 = (1 — Sgn(|77k - T]t|)) Vs (nk’ek + 60, + mh,kl,k‘z) ,
sgn (|me — m¢|) Ok tmn
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Note that similar as the asymptotic ergodic capacity, the
tight high SNR approximations can well predict the perfor-
mance behaviours in the high SNR regime. Thus, we deduce
the high SNR scaling law from the high SNR approximations
similar to the approach in [36] and [37]. Based on (57),
we characterize two key parameters determining the affine
approximation of the ergodic capacity in the high SNR regime,
namely the high SNR slope and the high SNR power offset
[38]. The high SNR slope is also known as the degrees
of freedom or the multiplexing gain [39]. The high SNR
power offset captures the joint effects of the fading model,
the number of antennas at each terminal, and the interference
power constraint. We represent the high SNR approximation
of the ergodic capacity as [38]

Cé’fg ~ Seo (logy (Fp) — Loo) (64)
where S is the high SNR slope in bits/s/Hz/(3 dB)
ce 1
Seo = lim —9 _ = — (65)
Tp—oo logy (Yp) 2
and Lo is the high SNR power offset in 3 dB units
OOO
Lo = _lim (logy (7p) = "2) = ~log, (1) (66)
Yp 0 Soo

. Simulation

Exact
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Symbol Error Rate

Fig. 4. Cognitive spectrum sharing with TAS/GSC and DF relaying: Ng = 2,
Nr =3, Np =3, mg1 = 1, mg2 = 2, and Yo = 25 dB.

From (65), we see that the high SNR slope S is indepen-
dent of the interference power constraint, the selected number
of antennas at the receiver, and the primary network. We also
see that the high SNR power offset £, is independent of 7 p
from (66).

2) Fixed Interference Power Constraint:

Substituting (45) and (46) into (55), we obtain the high
SNR approximation of the ergodic capacity under the fixed
interference power constraint.

Theorem 9. When @ is fixed, the high SNR approximation
of the ergodic capacity is given in (67) at the top of the next
page.

From (67), we find that for the fixed interference power
constraint, the high SNR slope collapses to zero.

VII. NUMERICAL RESULTS

In this section, we present numerical results to verify our
new analytical derivations for cognitive TAS/GSC relaying in
Nakagami-m fading channels. We set the threshold SNR as
Y¢n = 5 dB. All the figures clearly show that the exact curves
are in precise agreement with the Monte Carlo simulations.
Importantly, the asymptotic lines accurately predict the exact
behaviour in the high SNR regime.

Fig. 1 plots the outage probability with the proportional
interference constraint as we vary u, Lr and Lp. The exact
and asymptotic curves are plotted by using (13) and (14),
respectively. For the same p, we observe that the outage
probability decreases with increasing Lr and Lp, due to
an increase in the SNR gain (16). We also confirm that the
diversity order is independent of Lr and Lp as reflected
by the parallel slope. Another observation is that the outage
probability decreases with increasing p, which is due to the
relaxed interference power constraint at the PU receiver.
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Fig. 2 examines the impact of the fixed interference pow-
er constraint on the outage probability as varying Lr and
Lp. The exact and asymptotic curves are plotted using (13)
and (25), respectively. Interestingly, the outage probability
becomes saturated for 7p > 18 dB. This is due to the fact

that when 7p — 0o, min (P Q/\hl *|2> ~ (Q/\hu*|2) and

min (P Q/ |ha; ) ( / |ha; , as such the fixed peak
interference power constraint becomes the dominant factor. By
setting Lr = Lp = 1 and Lr = Lp = 3, we also see that
TAS/MRC outperforms TAS/GSC, and TAS/GSC outperforms
TAS/SC.

Fig. 3 plots the exact and asymptotic SER with the pro-
portional interference power constraint from (33) and (35),
respectively. The plot confirms that the diversity order is
independent of the modulation scheme, L, and Lp. We see
that the SER decreases as L and Lp increase. We also see
that BPSK outperforms QPSK, which is predicted from the
SNR gain (16).

Fig. 4 plots the exact and asymptotic SER with the fixed
interference power constraint from (33) and (40), respectively.

Ergodic Capacity (bits/s/Hz)
w

Simulation

Exact
........... Asymptotic

0 5 10 1520 25 30 35

Fig. 6. Cognitive spectrum sharing with TAS/GSC and DF relaying: Ng = 2,
Nr = 3, Np = 3, mg1 = 1, mg2 =2, mp1 = Mpo = 2, andWQ =
25 dB.

We see that the SER decreases as Lr and Lp increase, and
BPSK outperforms QPSK. Similar to Fig. 2, the SER becomes
saturated for 7 > 22 dB, which confirms that the diversity
order goes to zero.

Fig. 5 plots the exact ergodic capacity and its high SNR
approximation with the proportional interference power con-
straint from (47) and (57), respectively. We see that the high
SNR approximations of the ergodic capacity are tight and well
predict the behavior of the ergodic capacity at high SNRs.
It is obvious that the ergodic capacity can be improved by
increasing L and Lp. The parallel curves confirm that the
high SNR slope is independent of Ly and Lp.

Fig. 6 examines the impact of the fixed interference power
constraint on the ergodic capacity. The exact ergodic ca-
pacity and its high SNR approximation are from (47) and
(67), respectively. Interestingly, we find that the capacity
ceiling occurs for 7p > 30 dB. This is due to the fact
that when vp — oo, min (P, Q/’hli* 2) ~ (Q/}hli* 2) and

mm P Q/‘h ~ (Q/h2 2). Once again, the fixed
interference power constraint becomes the dominant factor.




By setting Lr = Lp = 1 and L = Lp = 3, we see that
TAS/MRC outperforms TAS/GSC and TAS/GSC outperforms
TAS/SC.

VIII. CONCLUSIONS

We have taken into account the cognitive DF relay network
with TAS/GSC over Nakagami-m fading. This framework is
well suited for the reliability enhancement of the secondary
network and interference alleviation of the primary network.
We derived new statistical properties of the end-to-end SNR.
Based on these, we have derived closed-form expressions for
the exact and asymptotic outage probability, symbol error rate,
and ergodic capacity with the proportional and the fixed inter-
ference power constraints. Our results are valid for Nakagami-
m fading and arbitrary number of antennas in the secondary
network. Based on the relationship of the maximum transmit
power constraint and peak interference power constraint, we
conclude that: 1) under the proportional interference power
constraint, the diversity order is determined by the fading
parameter and the antenna configuration of the secondary
network, and the high SNR slope is 1/2; and 2) under the
fixed interference power constraint, the diversity order is zero
with error floor, and the high SNR slope is zero with capacity
ceiling.

APPENDIX A
A PROOF OF LEMMA 1

We first present the probability density function (PDF)
and CDF for the channel power gain of a single branch of
the secondary network channel with the Nakagami-m fading
as [40]
mglfl

f(z)= (x (@)’"gle‘%w (A.1)

mg1 — 1)' le

and

I(mg, 732,11 )
F(mgl)

respectively. The marginal moment generating function (MGF)
of (A.1) is given by [19]

Flz)=1- , (A2)

mglfl

o) = ()™
g9

zle ( +ggl)£

mg1—1 "

(A.3)
i—o (5 + mgl)

As shown in [19,24], the MGF expression for the channel
power gain with GSC is expressed as

Pasc (s) =

La(] >7f B (s,2)) 2 (F (@) ¥
(A.4)

Here the MGF is defined as ®., (s) = E [e”7*].

Based on (A.3), and using the multinomial theorem [41],

we rewrite (® (s,z))"" " as

((I)(S,x))LRil (mg My LR 1 Za T ke —cpa

mql)b Kk — Mgl (LR—l)7 (A'S)

o+ o,

=0

mglfl
o _ ® ® o _
where S = {(nk’o,...,nk’mgll)‘ > N, ; LRl}

with {n,‘fz} €ZT, a, by, and ¢} are, respectively, given by

mMg1— 1

Z np i, (A.6)

mg1—1 <I>
. (Lr —1)! li[ (1
k= mg1—1 ’L.

{1 ngy =0

i=0 i

and ¢® = (Lzp—1) (s + ?;f) (A7)
g

Based on (A.2), we proceed to employ the multinomial

theorem to express (F ()" L* as

F_ b cFo
Eaxkek,

(F (z))Nrtn = (A.8)

mg
where SE = {(nio,...,ngmgl) ZonkF,j:NR_LR}
j:
with {nf j} €Z%, al, bf, and cf are, respectively, given by
-1
- (NR _ LR>| mg1 71 nkF,j+1 mgl bf
ap = mg1 ‘77] (Q 1 ) ’ (A9)
[l nit =0 = ’
j=0 "
mglfl m mMg1
P LR F gl F
bk = Z ]nk,j_;'_l, and Cp = Qil Z nkJ (AIO)
j=0 9t =1

Substituting (A.1), (A.5) and (A.8) into (A.4), and apply-
ing [33, eq. (3.351.3)], ®isc (s) is derived as

Dasc (s) =

Lr (NR> m91 mg1LRr
(m., — 1) a®af
(BF +bf +mgr — 1)1(s + B )"f—mw(ﬂR—l)

b +bF 4+mgq
Lol F mg1 k g
(s+ep+ep +55)"

(A.11)

Let Fgse () denote the CDF of the channel power gain
of the secondary network with GSC. The Laplace transform
of FGSC (CU) is given by L [FGSC (x)] = (I)GS’C (8) /8 [20].



Therefore, the Laplace transform for Fgse () is are given by

LR NR mgl mg1LR sgn Ck) X —no
F, = =) etmR Ti1 =— ny ; + 1 , A.17
ElFose (o] =g (LR)(QQI) . I (A1)
b + b +mg1 — 1) na mg1
ZZ 1-n; SgI Ck (na—l+1)
b +bF + Tro =(—1 — 1)
& T o= Y (G et
q’—m L 1) m.ql
(S+mgl) 91( R (l—n1—1> 1 F \n1—1
— Ny , (A.18)
oF mg1 bE+bf +mgr (A.12) -1 (LR Z k’ )
s(s+ o+ Q;’l) sen(cF mg1 .
Trs = k) Z nb;+1)7 T (A1)
Using the partial fraction expansion [33, eq. (2.102)], we (n1 - 1

can rewrite (A.12) in an equivalent form. Then, taking the

and
inverse Laplace transform of £ [Fggc (2)], we obtain
sen(ch) mg1 (Lr—1) b
_ SeM\C ) . +1
Lg molatty & F Tha = (n1 — 1)' Z ( 1)
Fosc (v) =7——— Z Z ayay, =1
( gl — 1 mg1
. n=0 <n2—711+l—1>( 1 ZTLF )7(n27n1+l)
_ T k,j )
(bk + bk@ +;ngl 1).£k(n)x#‘k(n)e_uk(n)z7 -1 LR = J
Lghstbctma AL (A.20)
where n; =n —mg (Lg — 1) + b}.
where the set S has been defined in Lemma 1, £ (n), pi(n) The CDF of |gio,. 2 s given by F”g N (z) =
d , tively, given b .
and vi(n) are, respectively, given by Fasce (x Ns_ Based on (A.13), and employing the multi-
ploying S
(n(n) nomial theorem, we can derive the CDF of ||g1;+¢,. ||~ as (6).
mgr k(M) —=bf 1 & g —ny APPENDIX B
g — n; .+1
(&%) (25 = ) A PROOF OF LEMMA 2
s po(m)—bE 1isgg(z)0 According to (4), the CDF of ~; can be written as
) (59) C(Thi+ T2 = ) . 2 Q
1<n<mg(Lr—1) b} Fy (2) =Pr{||g1i0,. || < =, |h..| < F}
mg1 pg(n)—bt T T 1—sgn(ckF) P
(le ) ( k3 + k4 — _ 1 ) 14%0, % x 2 Q
(n-1): pr {1810l ¥y 2 B.1
mg1 (Lp —1) = b <n <mgLg+ bk +Prf 2 <[ *F}' (B.1
gl R k n=mglRr + k > |h/li* FYQ
(A.14)
The CDF of ’hh 2 is expressed as
I'(mpq, o2t
,Mk(n) F (.T) _ 1 o ( hl th) (BZ)
0, n=20 |y T (mp1)
) n—1, 1<n<mgy (Lr—1)—b¥

By substituting (B.2) and (6) into (B.1), we derive the

— F —1)=p®) —
n —sgn (¢) (mg1 (Lr = 1) = b7) — 1, closed-form expression of F, (x) as (10).

Mg1 (LR—l)—bE <n§m91LR—|—bkF

(A.15) APPENDIX C

A PROOF OF THEOREM 2
and

Based on (A.8), we consider transmission in the high SNR
v (n) regime with 7p — co. Applying the Taylor series expansion
ko
0, n=0 truncated to the kth order given by e* = 3 ?—J, + o(«*) in
— rQ”igla 1§n§mg1(LR_1)_bg . . .-:O .
. 1 (A.8), the asymptotic expression for (A.8) is written as
ﬁ+ﬁ’ mg1 (Lr —1) —b% <n <mg Lg+bf,
(A.16) Ne L (%)mgl (NR*LR) Mol (NR—LR)
(F(z))™" 7 = —= Nrn—L
. | R R
with ny = bg—i—bkF—i—mgl In (A.14), Y1, Tro, Y3, and Ty (mgl')

. (C.1)



Substituting (A.1), (A.5) and (C.1) into (A.4) yields

r=1

mMg1 K(S}{;,NR,LR,mgha%’b%)
P s)= 791 ymg1 NRr .
asc( ) (le) 5+ %)mgmn
(C.2)
Note that £ [Fesce (z)] = ®asce (s) /s [20], we derive
L[Fgso(z)] =K (S&, Ng, L, mg1,a?,b%)
o melle (e
(S L ITE S G
s Z (8 + 9751)

Taking the inverse Laplace transform of (C.3), we obtain

Fasc(z) =K (Sk, Nr, Lr, mg1, ap, by

mg1Ng (mgl)“l
r—1

(-3 =

Qg1 .
— (7’ — 1)!
Again, employing the Taylor series expansion truncated to the

) % + ofz*) in (C4), (C4) can

e’%w). (C.4)

kth order given by e* =

j=0
be rewritten as
Mg1T\ M1 NR
Fasc(x) 2(9971) K (S%. Nr,Lr,mg1,ap,by) .
gl
(C.5)
Based on (C.5), the asymptotic expression for the CDF of
|16, || is given by
F 2 =
ng*si* (l‘)
M1 T\ Me1 VR N
( "ol K (8% N, Ly mgr,af 08) |0 (CO)
g

By substituting (C.6) into (B.1), the first non-zero order
expansion of the CDF of ; is attained and yields the asymp-
totic outage probability of cognitive relay network with the
proportional interference power constraint as (14).
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