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Abstract—We provide closed-form expressions for the outage
and bit error probability (BEP) of uncoded, threshold-based
opportunistic relaying (OR) and selection cooperation (SC), at
arbitrary signal to noise ratios (SNRs) and number of available
relays, assuming decode-and-forward relays and Rayleigh fad-
ing channels. Numerical results demonstrate that SC performs
slightly better in terms of outage probability; in terms of BEP,
both systems may outperform one another, depending on the
SNR threshold that determines the set of relays that participate
in the forwarding process.

Index Terms—Cooperative diversity, fading channels.

I. INTRODUCTION

PPORTUNISTIC Relaying (OR) and Selection cooper-

ation (SC) are two similar yet different relay selection
methods proposed for cooperative diversity systems [1]- [2].
Their operation is based upon the selection of only a single
relay out of the set of the available ones, achieving full-
order spatial diversity while avoiding the reduction in spec-
tral efficiency that the orthogonal transmissions of the “all-
participate” systems entail (see e.g., [3]- [5]).

In [1], the authors proposed the OR method, showing that
the diversity-multiplexing tradeoff of OR is identical with that
of the distributed space-time coding (DSTC) systems [6]. In
[2], a high signal to noise ratio (SNR) approximation for
the outage probability of SC was derived, demonstrating that
SC outperforms DSTC in terms of outage probability. An
approximate outage analysis of SC in the low to medium SNR
region can be found in [7]; other works on relay selection
algorithms include [8]- [10].

An outage-based comparison of OR and SC was conducted
in [11], where it was proven that, given the fact that the source-
destination channel is not taken into account, the outage prob-
abilities of SC and OR are identical. This analysis, however,
limits the comparison of these two systems only to scenarios
where the source-destination signal is negligible. This scenario
may not be the case in practical applications where relaying
transmissions are used to improve the quality of service over
an existing link! (see, e.g., [12], [7]).
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I'We note that the reader should not be confused from the fact that in [11],
the authors used the terms reactive and proactive opportunistic relaying to
refer to what it is termed here as SC and OR, respectively.

In this letter, we provide a) closed form expressions for
the outage probability of uncoded, threshold-based> OR and
SC at arbitrary SNR, number of available relays and source-
destination channel conditions, and b) approximate closed
form bit-error-probability (BEP) expressions for both OR and
SC, assuming BPSK modulation. Based upon these expres-
sions, we perform a numerical performance comparison of
these two systems, showing that SC performs slightly better
in terms of outage probability; in terms of BEP, both systems
may outperform one another, depending on the SNR threshold
that determines the set of relays participating in the forwarding
process.

II. SYSTEM MODEL

We consider the OR and SC models proposed respectively
in [1] and [2], where a source node S communicates with a
destination one, D, with the help of L independent decode-
and-forward (DF) relaying terminals, denoted by R;, i €
{1, ..., L}. The instantaneous SNRs of the S-D, S-R; and R;-
D channels are denoted by vsp, vsr, and yg, p, respectively.
All relays are assumed to operate in the half-duplex relaying
mode, hence each transmission slot is divided in two subslots,
corresponding to the S-R; and R;-D communication intervals,
respectively. Moreover, it is assumed that uncoded modulation
is used, so that the relays cannot detect any erroneous de-
tection. However, they employ the so-called threshold-based
DF relaying, i.e., if the received SNR is lower than a given
threshold, denoted here by 7', they remain idle in the second
subslot.

In both SC and OR, only a single relay out of the L available
ones is selected to forward the decoded information. However,
their modes of operation are different:

« in SC, all relays listen to S, and only those with ysr, >
T demodulate the received signal, forming the decoding
set C. In the second subslot, only the relay with the
highest vg,p (provided that R, € C) transmits to the
destination.

« in OR, the participating (best) relay Ry is selected accord-
ing to b = argmax;e(y,... 1) min (Ysg,, Yr; D), i.e., the
selected relay is that with the highest min (Ysg,, Yr,D)-
If yvsr, < T, however, none of the relays transmit in the
second subslot.

In both systems the selection may be implemented either in
a distributed fashion [1], provided that relays can communicate
with each other, or by appropriate feedback broadcasted by the
destination. The destination is assumed to combine the signals
incident from the source and the selected relay (during the

2The term threshold-based relaying refers to the case where the relays
forward only if the received SNR is greater than a specified threshold.
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first and second subslot, respectively), into a time-diversity
maximal ratio combiner (MRC). The fading in each channel
is assumed to be independent, slow and Rayleigh distributed,
hence vsp, vsgr, and yr,p are exponential random variables
with parameter 1/5¢p, 1/7sp, and 1/5p p, respectively,
where the overbar (*) denotes expectation.

III. PERFORMANCE ANALYSIS OF SELECTION
COOPERATION

A. Outage Probability

Let O denote the outage event. The outage probability of
selection cooperation is given by [2]

Pr{o}= Y  Pr{C}Pr{O|C}, (1)
CEP(R)

where R denotes the set of the available relays, i.e.,
R ={Ri,Rs,...,Rr} and P (-) stands for the power set of
its argument, i.e., the set of all its subsets. The decoding set
C is defined as C ={R; : ysgr, > T, i € {1,...,L}}, where
T = 22" — 1 represents the outage threshold SNR for a given
target rate . The probability of C is expressed as

__T —__T
Pricy= ] e ™= ]I (1—6 ) @)
i:R;€C @R &C

Given a decoding set C, an outage occurs if vsp +
max;.g,cc (Yr,p) < T, hence

Pr{O[C} = /

T—x

H (1 - ewD> dr.  (3)
:R;€C

Product Expansion: Consider the set
A={Fgp,p:Ri€C, ie{l,..,L}}, 4)

with cardinality equal to that of C, i.e., |A| = |C|. Further-
more, let A, ; denote the nth k-subset of A (excluding the
empty set @), i.e., the nth subset of A that contains exactly
k elements (k = 1,...,|C|, n = 1,..., (lc‘)) The elements
of A, are denoted by ¢r n j, j = 1,..., k. For the reader’s
convenience, more details on the relation between @j.n,k and
Yr,p (assuming that the numbering of the relays is modified
so that 7 : R; € C) can be found in Table 1.

Considering the above, the product of exponentials in (3)
can be expanded for C # @ as

Ysp

c| SO
R R ETD 3 G
i:R;€C n=1 j=1
c| (‘C') ek
_1+Z o T Xz 505 (5)
n=1
Therefore, substltutmg (5) in (3) yields
Pr{OC}=1—¢ 7sp
c| (8) —sZp TS s
e 7sp J= ¢’k n,j
+> ="y (©6)
_ — 7 X 1 _ 1
k=1 n=1 YsD Z]:1 (qsk,w.)

and thus the outage probability is derived by substituting (2)
and (6) in (1). Note that for the special case of C = @, it

holds Pr{O|C =@} =1—¢ Tsp.
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B. Bit Error Probability

Throughout this letter, BPSK modulation is assumed; how-
ever, the presented analysis can be easily extended to yield the
BEP of other modulation schemes. Let 5P £5-Fi and Ri-D
denote the event that the S-D, S-R; and R;-D links lead to
an error on symbol (bit) detection, respectively. Let £5-P-%:-D
denote the probability that the MRC output with inputs the S-
D and the R;-D channels leads to an error, provided that the
same symbol is transmitted from S and R;; let St stand for
the event of selecting R;. The BEP of SC can be expressed

as
Pr{c}= Y  Pr{cC}Pr{€|C}. (7)
CEP(R)
Denoting with R, € C the selected “best” relay, the condi-
tional BEP (conditioned on the set C # &) in eq. (7) can be
approximated by

Pr{€C} ~ (1-Pr{&¥f})pr{esP AP}
+Pr{e¥f} (1-Pr{E™P}), )
where we have used the fact that the MRC output is dominated
by the R;-D link, hence the conditional error proability at the
MRC ouput at the destination given the event of £ is
approximated by 1 — Pr {£f+"P}. Consequently, (8) can be
re-written as

Pr{€|C} ~

. [Pr{eFnsic} +Pr{eTP AP nstc}

i:R;eC

— Pr {(c/‘S-Ri N (c/’S-D, R;-D N 57, ‘C }

— Pr{e¥finegtPnsiicy]. ©)
Considering that the summation in (9) concerns all R; € C
(i.e., R; : ysg, > T), it holds

Pr{gS-Rz‘ NS¢ |C} — / M
T g, eTom
Pr{s'c} 1 (4 1.7)
= o (10)
2/VSR1'

where the auxiliary function Iy (-, -,-) is defined as (see [13,

eq. ()1

Pr{S'|C} da

I (o, 8,w) = /:0 exp (—aux) erfc (\/@) dx

e~ werfe (v/Bw) - \/Berfc ( (a+0) cu)
a ava+p

and the conditional probability of selecting the R; relay as

Pr{si|c}:/ £ ‘RD) dz.
0

" FR;D _
e H (1 —e
TRiD J:R;€C; j#i
(12)

In order to transform the product in (12) into a summation of
exponential terms, for each R; € C we consider the set

Ai={Tr,p By € (€ \{RD)],

where A\ B denotes the relative complement of the event B in
the event A. Further, we denote with v} the mth element

, (1D

13)
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TABLE I
THE RELATION BETWEEN @ , k AND YR p, FORK € {1,..,]C|}, n€ il, s ('i‘)} AND j € {1,...,k} . NOTE THAT THE SUBSCRIPT i REFERS TO
ALL ecC
k/n n=1 n=2 n:(li‘)
k=1 é1,1,1 = YR, D $1,2,1 =VR,D b1,c),1 = VR)g D
k=2 $2.11 =7, D $221=7r,D 2,(181).1 = TRiey P
#2,1,2 =VR,D $2,2,2 =VRyD ¢2,(\§|)72 =9RyD
blc|-1,11 = TR, D blc|-1,2,1 = TR,D blc|-1jcl,1 = TR D
k=lc| -1 Pic— 112—’YR2D Ple|- 122—’7R3D Fc|— 1\C|2—'YR]D
del-1.1,1¢1-1 = TVRje|_1D diel-1.2,c1-1 = TR D Plel-1jclicl-1 = VRje|_,D
Plcl,1,1 = TRy D
k=IC| _ B _ <1>\C|,1,2 =7YRyD
Picla,lel = TRrye D

of the nth k-subset of A;; we note that the the relation between
w,i,mm and Y p is identical with that of ¢y ; and Jg p
(where i : R; € C, j : R; € C \ {R;}) shown in Table . As a
result, using (5) and trivial integrations, (12) yields

lel-1 (k)

Pr{s‘|c} _1+Z >

n=1

)k
— (14
1+7%gr,p Zm 1

¢knm

The second term in (9) can be expressed as

pr{gSP- B nsiic

/ /=

2YRr,pVsD
11

(1 —e R ) dydz.
JiR;€C; j#i

Using the product expansion as before, and the auxiliary

—=t— __z
TR;D ¢~ FsD

(Vy+=z)e

15)

function I (-, -, -, ) defined as (please refer to Appendix)
o erfc x4+ y))
(a, b, 8,w / / e‘meby dxdy
*"“"erfc(\/[%) \/_erfc( w(a+ﬁ)>
((lb ) a(b—a)va+p
(b= werfe w(b+
LV : (Ve ﬁ))7 atb
(b—a)vb+8
= _ VBt /@t B))

e ““erfc(\/ﬁ_w)—
P

MJr(lfQ(aJrﬁ)w)erfc(\ / (a+ﬁ)w)

a+p3

204[3’1/2(O¢+ﬁ)3/2 5 a:b
(16)
eq. (15) yields
. IQ (7 1 ) %a 170)
Pr{eoPfbnstic) = —2 =2 (17)
2p, D’YSD
cl—1 (et ( 1 )
+Z (Z)I 'YRD+Zm Lgn ”Ys 1,0
k .
n=1 YR, pVsD (_1)

Working similarly, the rest of the terms in (9) are derived as

follows

Pr{&5fings P Bbngsicy

I (_L,l,T) ‘
TS, Pr{e5P P nsic), (18)
Ysg,
i Il (%717 )
Pr{esfinetnsiicy = —257’”‘
SR;
Il (ﬁa170)
X | —= (19)
YR, D
lcl—1
C
-1 () n (55 + Xk 5= 1,0)
1 DI Pl TR L 7
k=1 n=1 'YRiD( )

where Pr {SS‘D' Ri-DnSi|C } is given in (17). Consequently,
a closed-form expression for the BEP of SC is derived by
inserting (10), (17) (18) and (19) in (9), in conjunction with
(7). Note that for the special case of C = o, it holds
Pri{€|C =2} =1 (1/7sp,1,0) /7sp-

IV. PERFORMANCE ANALYSIS OF OPPORTUNISTIC
RELAYING

Let us define the random variable ~; as

i={1,..,L},

which is also exponentially distributed with parameter equal
to the sum of the parameters of ysg, and vgr,p ie., 1/7; =
1/4sr, + 1/7g, p- Moreover, for each R; € R, we consider
the set

7; := min (Ysgr;, YR, D) , (20)

Bi={7;: Rj € (R \{Ri})},

and we denote with n,imm the mth element of the nth k-
subset of B;; we note that the relation between 7} and
7, is identical with that of ¢y, ; and 7, p (i : R; € C,
j:R; € R\ {R;}) shown in Table L

2L
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A. Outage Probability

The outage probability of OR can be expressed as

Pr{O}

= Y [Pr{ysr, <TNysp <TNS'}
i:R;€R
+ Pr{vsr, > TN~sp +vrp <TNS"}]

) e =), ) 1 o)

> [(/ s =
PR, ER 0 WSR_G’YSRi

I1 (1—6‘%)(1@/ . (22)

j:WjGBz‘

_I-y

__T T 1—e 7sp

+ e TSR; .
0

YR, pe RiP

where the conditional probability of selecting R;, conditioned
on 7ysg,, is given by

Pr{S'|ysp, =z}

=Pr {min (Ys$Ri» YR:D) = jmax v Vsr, = SC}

7
x efﬁ y
:/ — H {l—exp <—_—>} dy
o 7YR,D 7, €B; v
fe%e) e_ﬁ
+/ {1—exp (——)] dy
T ’YRZD §7,€B;s J

()1 = exp (—x {W;D + Zfﬂ:l (ﬁ)D
(=1 (1 +Ta0 St (57))

Me,n,m

L—1("Y) exp (—I {W;D + anzl (nkim)])
(1) '

(23)

Therefore, using (23), (5) and trivial integrations, (22) yields
(24) shown at the top of next page.

B. Bit Error Probability

Considering that the selected relay forwards the demod-
ulated signal only if the received SNR is greater than T,
and using the same approximation as that used in (8), the
approximate BEP of OR is derived as it is shown in (25) at
the top of next page.

In (25), the probability of the intersection of the events
E5Ri S and ysgr, > T is given by

Pr {5 NS Nysp, > T}
B /°° erfc(ﬁ)e_ﬁ
T

Vsr,

(26)

Pr{S’|ysg, =z } dz.
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Hence, combining (23) and (26) we obtain
‘ I (% 1,T)
Pr {5S_Ri nSs* NYsr;, = T} = —S_Ri
2Vsr,
L—1 RANS (i NE D T)
Vi m=1 1717; n m,7 ’
IS —
k=1 n=1 QFYSRi
(1) 1 (3 + Sher g 17)
+ TSR ﬂk n,m ) (27)

Ysg, (1 +7Rr,D Zm:1 — )

nk,n,rn

Likewise, we may derive the probability of the intersection
of the events £5°P> Bi-D S and vyggr, > T as

Pr{&5P- Bl A Sinygp, > T} (28)
T erfe (\/y + z) Hjﬁe& (1 - e_%‘)
/ / = - dydz
2YR,pVspe P eTsp
/ / Pr{S" Nysr,y>Thro=y}le D dyd
2 [erfc (vy + 2)] fyRinySDesz ’
where we have used the fact that
Pr{Slﬂ“YSRiZT;ﬂy<T|VRiD:y} =
HjﬁjeBi (1 —€

Working similarly as in (23), we obtain

1)
2

n=1

. __T
PI‘{Slﬂ’YSR“yZT|’7RiD :y} — e TSRy

7T< TSR,
e

;m>

_ 1 k
+an l"inm) —e y(WSRiJr m= ln'L

(—1)k (1 +Ysr; 22:1 - )

M ,n,m

L-1 k 1
+I; Z eXP< [VSR +;ni,n,m]>.

(29)

Using the auxiliary function I3 (-,-,-,-) defined as (please
refer to Appendix)

w erfc x4+ y))
(a,b, B, w dxdy
eazeby

b\/aJrﬁerf( (Oz+5) )*a\/m+ (b—a)e™ O“"erfc(\/ﬁiu))
_ab(a=b)

a—btaelt=®w [ B o £/ (b+B)w

_ + a{(ifbe)rC( - )’ a#b

+a (a+ﬁ)ﬁw/7‘r7(a2w75+o¢(ﬁw73/2))erf0(1/(a+[3)w)
a?(a+8)%/2

(a+8)*/2 = VB(3a/248) _ ¢ "erte(VFw)

a?(a+8)*/? o

,a="b

(€19

from (28) and (29) we infer eq. (30) shown at the top of next
page.

The probability of the intersection of the events £5F:,



3722 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 7, NO. 10, OCTOBER 2008

__r _ _ moask 1
e T L ooV Thn ) )

-1
L-1 k) WSRi 1/71""'2]:”:1 1‘1
)= Y (1) [T LYy k Cromto g
iR, ER k=1 n=1 (_1) (1 +7R1D Zmzl (ﬁ))
L(5Y (1/w D DL i,n,m> o1 (55Y 7T<1/WRZ,D+2’;:1 ﬁ)

= l—e — L R 1—c¢ s
Loy ) SEp2 |
=1 n=

_ _ k k — k
(=) Ysr, (1/% + 2 ﬁ k=1 n=1 (—1) (1 +YRD 2om=1 nzl

e 7o [1- e_T<ﬁ_ﬁ> Z Z 1- 67T<WR1D B n%;.i.m> on
YRr;D 1/5r.0 —1/7sp k=1 n=1 (— (1/VRD—1/VSD+Zm T — )
Pri{€}~ Y  [Pr{[(5\eMP) U (5P BP\eSRN] NS Nygr, > T} +Pr{E5P NS Nysr, < T}]
Pt R;eR
= Y [Pr{eS NS Nysr, > T+ Pr{EMP NS Nysp, > T} —Pr{5MNENP nygp, >TNS'}
it R;eR
—Pr {5 NS P RD N ygp > T NS} +Pr{€5P Nysp, < TNS'Y. (25)
Pr{gS_DqRi_Dﬂ’ySRi ZTﬂSl}:%{Ig( ! ,;,1,T>+6_T;‘Ri,[2( ! 7;71>T>
2Yr, 0V sD YrR;:D 7VsD YR;D 7VsSD
L1 (") )
+ Z(_l)k Z [13 <—+ Z l/nknm7_—a17T> +IQ ( + Z l/nknmv_—aLT)
k=1 n=1 FYRZ m=1 TsD m=1

I (; 1T) - (”SR T lnknrn> -1 (_L+Zk 1/t _1 1T)
Yr,p' Ysp' i m=1 k,n,m> Ysp '’
- T (30)
1+ YSR; zm:1 1/7]k’n7m

9D Ri-D " yop > T and S is given by and

S-R S-D, R;-D i Pr{gS_D,RZDQVRD> ma%y}
Pr{£5fNgS Pl nygp >TNS'} 37,€

1/2erfe (\/y + 2) —
= Pr {5S_Ri N9ysr, 2 max 7; Nk, = T} / / — ]] (1 —e ) dydz
J:Vje i

Yr,pVspe TP eTsp 5 eB,

1
XPr{ESDRDﬂ’yRD> m%}é ’yj} (32) 712(7}?]3 WSDJ,O)
27Rr,p7VsD
Lot 1 k 1 1
where it holds -1 (%) I (WR.D + 2 L ' Nep 1,0)
Y ey SENEES
k=1 n=1 2YR,DVsD (-1)
Pr{SS'Ri Nysr, = max v; N7YsRr, = T} Working similarly, it is easy to derive the probability
J::jEBi Pr{&5fineR-DNygp >T NS} directly from (32), by
/oo erfc (\/Z)e 75k H (1 7}) J substituting the second term in its right-hand side with
= —_— —e 7 )dx
T 2YsR; j4, €8,

I (_L 1, T)
_ YSR;

B 2Ygr,

1 (%)
+LZ 5 Il(m + 3k L 1,T)

.
el n=1 2Ysp, (1)

(33)
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Pr{SR P Nyr,p > max Vj}
Vil ]GB

N = RINCET

2’YR pe TRD 3 E€B:

h (WR —.1 0)
B 2Yp,D
1 (4 f)Il( +Z’“_1%,1,0)
+ i2 T Tenm (35)
; 7;1 2Yg,D (—1)k

Finally, the last term in (25) can be evaluated using (23) as
Pr {ES'D Nvysr, <TN Si}
T P Sl = 7ﬁ
= / ! { sm == } ¢ dx
0

Ysr;
o0 f —=Z=
></ erc(\/_g)e Gy
0 Ysp
Il (—L>17 ) T
RELE {1 e TSH (36)
Ysp

__T 1*CXP< ( +anlz—>)
'YSR,i _ Te,n,m

Vsr; ( e DL ,,z‘

k,n,m
— k 1
(1 FVRD 2am=1 m

) (=1
)1—exp< T(%J’_an:l - ))

nk,n,rn
— 1 + k 1
1 TSR \5, > om=1 o

L-1("x

+
Mr\

b
Il

T ) (=1

Therefore, a closed-form expression for the BEP of OR
is derived by combining (27), (30), (32) - (36) and (25).
We should note that this BEP expression can be simpli-
fied by setting Pr {E5 R N ESD RPN ygp >TNS'} =
Pr{&5Hinefi-lnygp >TNS'} ~0, since, intuitively,
it is very unlikely that an error on both the S-R; and R;-
D links occurs at a transmission slot, say ¢, given that R; is
selected for ¢.

V. NUMERICAL PERFORMANCE COMPARISON

In this Section, a performance comparison between SC and
OR is presented, in terms of outage probability and BEP, based
on the closed-form expressions derived above. Also, in order
to verify the validity of the aforementioned expressions, an
extensive set of simulations was performed, the results of
which match closely the theoretical ones, as it is shown in
Figs. 1-3. The average SNRs of the S-R; and R;-D links
are considered to follow an exponential profile with identical
mean values, denoted by € (i.e., & WSRJ =FK [iRiD] =g,
where F [-] denotes here expectation over ¢ € {1, ..., L}), and
decay factor equal to 0.5. The average SNR 7 ¢, of the direct
S-D channel is set equal to £/ ); the parameter \ thus reflects
the relative S-D channel quality, with respect to that of the
S-R; and R;-D ones. The fading in all links is assumed to
be independent, Rayleigh distributed.
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Fig. 1. Outage performance of SC and OR for some A and L assumptions
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Fig. 2. BEP performance of SC and OR for L = 3

Fig. 1, depicts the outage performance of SC and OR for
some A and L assumptions. All curves were plotted versus
the normalized value of € with respect to the threshold SNR
(which is identical here with T"), so that the information they
convey is directed towards the outage probability. The dotted
lines correspond to SC schemes, whereas the solid ones to
OR. In general, we may notice that SC slightly outperforms
OR, in terms of outage probability. In fact, SC seems to take
better advantage of the direct S-D channel, since the outage
performance of the two schemes is identical when the S-D
channel is not taken into account (or equivalently, when A\ —
00). Recall that the latter result was derived theoretically in
[11]. We also notice that the SC outage curves are very close
to the approximate ones given in [2] and [7], in the high and
low-to-medium SNR regimes, respectively.

In Figs. 2 and 3, we present a BEP comparison between SC
and OR for BPSK modulation, assuming L = 3 and L = 5,
respectively. The main result extracted from these two figures
is that the relative performance of the two studied schemes is
highly affected by the threshold T'. Recall that T corresponds
to a fixed value associated with the target rate 7, and may
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Fig. 3. BEP performance of SC and OR for L =5

vary from application to application; in fact, it determines the
number of relays that belong to C in the SC scenario, and
whether the destination receives from both the source and the
selected relay or only from the source, in the OR scenario.
Hence, we notice the interesting result that 7" seems to shift the
OR BEP curves, though without affecting their slopes, whereas
it does so in the SC curves. This result can be explained by
considering the fact that the relay selection in SC is done
according to the R;-D links, regardless of the S-R; ones; thus,
when T is low, it is likely that the S-R; link of the selected
relay leads to an error, hence strongly degrading the error
performance. Contrarily, in OR both the S-R; and R;-D links
participate in the selection process, thus the BEP performance
is less affected by 7. Generally speaking, we may conclude
that both schemes may outperform one another in terms of
BEP, depending on the SNR threshold T": Lower T' values
result in better OR performance; higher T' values in better SC
performance.

APPENDIX

Assuming « # 0 and using integration by parts, we obtain

- erfc <\/ﬂ_x)

(37)

/e*‘“erfc ( B (x+ y)) doe = <

1 Bz+y)
+ _/efozr ﬂ(ﬂ
@

VB (2 +y)

where we have used the integral representation of erf(-) given
in [14, eq. 8.251.1] to obtain the derivative of erfc(-) . Using
[14, eq. 8.251.1] again, (37) yields

erfc ( O(x+ y))

an&l’

/e*‘”erfc< 6(m+y)) dr = —
Va+BVaTy).

\/__erf ( (38)
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Using (38), Iz (o, b, 3,w) can be written as

) e~ “erfc (
IQ (a,b,ﬂ,w) = / eiby
0

- a\\//_%erfc ( (a+0)(y+ w))] dy.

Hence, we may apply (38) in (39) to obtain the first part of
(16), after some manipulations. For the special case of o = b,
we may use integration by parts to yield

/000 erfc( (a+P) (y+w)) dy = 212 fla ¥ B)w

6(y+w))

(07

(39)

2(a+ ) ettt
(1—2(a+ﬂ)w)erfc( (a-i—ﬁ)w)
* 2(a+ B) ’ (40
and thus to derive the second part of (16).
The auxiliary function I5(-,-,-,-) is derived as

I3 (O[,b,,@,w):,lg (Oé,b7570) IQ (7067;)757(4)).
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