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Abstract—Subset diversity (SSD) techniques, which select
and combine the signals from a subset of the available diversity
branches, are important for practical wireless systems. This paper
characterizes the performance loss, or signal-to-noise ratio (SNR)
penalty, of one SSD system with respect to another. Both ideal and
non-ideal channel estimation are considered, and the analysis is
valid for the important case of arbitrary two-dimensional signal
constellations. Expressions are given for the asymptotic SNR
penalty, for both small and large SNR, for all the comparisons
considered. Additionally, we develop bounds and approximations
to quantify the performance of one system in terms of another for
all SNRs of interest. Furthermore, for some signal constellations,
we derive the exact SNR penalty of a non-ideal system with respect
to an ideal system, as well as the exact penalty associated with
two non-ideal systems with varying degrees of estimation energy.
The SNR penalty enables the assessment of system sensitivity to
channel estimation energy, combining architecture, and signal
constellation.

Index Terms—Fading channels, non-ideal channel estimation,
performance evaluation, signal-to-noise ratio penalty, subset
diversity.

I. INTRODUCTION

IVERSITY techniques are essential for modern wireless

systems as increasingly more demands are placed on their
capabilities. While the performance of these systems increases
with the number of utilized diversity branches, the complexity
and resource consumption also increases. These issues have mo-
tivated the use of methods that process only a subset of the avail-
able diversity branches [1]-[10]. These subset diversity (SSD)
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systems, where only a subset of the signals on the available Ng4
diversity branches are selected and then combined, are capable
of achieving full diversity [11]-[14]. SSD arises naturally as
a generalization of other diversity methods which include se-
lection diversity, where the best branch is selected, and hybrid
selection/maximal-ratio combining (H-S/MRC), where the best
L4 out of Ny diversity branches are selected [15]-[18]. The par-
ticular combining scheme defines the combining architecture, a
term we will use to refer to which diversity branches are selected
and utilized by a receiver.

SSD can be exploited in the spatial, temporal, frequency,
angle, or polarization domains. In particular, one of the most
popular applications of SSD is in the spatial domain, where
the number of radio frequency chains is less than the number
of antenna elements. In this case, only signals from a selected
subset of antennas are processed. This is advantageous in terms
of cost and energy consumption; consequently, transmit and
receive antenna selection is included in several next-genera-
tion wireless standards. For example, standards such as IEEE
802.11n for WiFi [19], 3GPP for long-term evolution [20],
[21], and IEEE 802.16 for WiMAX [22] specify schemes for
antenna selection.

Many previous studies of SSD have assumed that perfect
channel knowledge is available. For example, in [23], it was
shown that ideal H-S/MRC achieves a diversity order equal to
the number of available diversity branches, despite using only
a subset of them. In the sense that these systems have perfect
channel knowledge, they can be thought of as having the best
possible estimation accuracy. However, practical diversity re-
ceivers must estimate the channel on each diversity branch and,
thereby, incur a performance loss [24]-[36]. In the case of SSD,
the estimation plays a dual role: it affects both the selection
process as well as the combining mechanism. Thus, in SSD, it is
possible that an erroneous selection is made, because the diver-
sity branches chosen are based on an estimate of the channel.

When comparing diversity systems, differences in the com-
bining architectures and estimation accuracies can cause a per-
formance loss or a signal-to-noise ratio (SNR) penalty. In gen-
eral, this loss occurs because completely coherent combining is
not possible and because the selection mechanism is not per-
fect. Specifically, in ideal SSD systems the loss occurs due to
the fact that only some of the diversity branches are utilized.
In non-ideal SSD systems, the loss occurs because not only a
subset of the branches is used, but also the selection and com-
bining is based on imperfect channel estimates. A suitable mea-
sure of this loss is the SNR required to maintain a target symbol
error probability (SEP) [23]. The SNR penalty is the increase in
SNR required for one system to achieve the same target SEP as
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Fig. 1. Pictorial description of the considered system comparisons. For each
comparison, the arrows point in the direction of the reference system.

a reference system. In general, the SNR penalty is a function of
the target mean SEP (averaged over the small-scale fading) and,
therefore, is also a function of the average SNR. Understanding
the SNR penalty enables system designers to quickly approxi-
mate or bound the performance of one diversity system in terms
of another. In [23], [37], [38], the asymptotic SNR penalties, for
both small and large SNR, were considered for ideal H-S/MRC
systems and different combining architectures.

This paper considers two classes of SSD systems with
arbitrary two-dimensional signal constellations in Rayleigh
fading. These two classes are ideal selection with ideal com-
bining (ISIC) and non-ideal selection with non-ideal combining
(NSNC). In the former system, the selection of diversity
branches and the subsequent combining utilizes ideal (or
perfect) channel estimates. In the latter system, both the se-
lection and combining utilize non-ideal (or imperfect) channel
estimates. We specifically consider four penalties that arise
between these two classes of systems. These comparisons
are illustrated pictorially in Fig. 1 and are described in detail
in Section IV. For a given combining scheme using M -PSK
signaling, we derive the exact SNR penalty of a non-ideal
system with respect to an ideal system, as well as the exact
penalty associated with two non-ideal systems with varying
degrees of estimation accuracy. For arbitrary two-dimensional
constellations, we derive the asymptotic expressions for the
SNR penalties, for both small and large SNR. Then, we derive
upper and lower bounds on the SNR penalty in a few cases.
Finally, we obtain accurate approximations for all SNR penal-
ties under consideration. In addition to these results, this paper
unifies the results in [23], [37], and further extends the analysis
to include the effects of non-ideal channel estimation.
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The remainder of this paper is organized as follows.
Section II gives the model for the systems under consideration.
In Section IIT we provide the exact SEP expressions for both
ISIC and NSNC systems and derive the asymptotic expressions.
In Section IV we describe the SNR penalties on interest, and
derive asymptotic expressions for a variety of comparisons.
Bounds on the SNR penalties and useful approximations
are given in Section V. Numerical results are discussed in
Section VI, and finally, conclusions are given in Section VII.

II. MODEL

We consider a diversity system with Ny available antenna
elements utilizing an arbitrary two-dimensional M -ary signal
constellation with polygonal decision boundaries. The received
signal on the ,th diversity branch, after demodulation, matched
filtering, and sampling, is given by

e = hps$m +nr, k=1,2,...,Ng
where s,,, m = 1,2,..., M, represents the complex mes-
sage symbol, hy is the complex, multiplicative channel gain
on the kth branch, and ny is a sample of additive noise on
the kth branch. The average symbol energy is indicated by
E,. The additive noise is modeled as a circularly symmetric
complex Gaussian random variable (RV) with zero mean and
variance Ny/2 per dimension and is assumed to be indepen-
dent among the diversity branches. We consider independent,
identically distributed Rayleigh fading channels, i.e., each
channel gain can be written as a circularly symmetric complex
Gaussian RV, hy = hg, + jhgi, with E{h} = 0 and
B{h*} = B {Jhe |+ {[heil*} = 203,

An ISIC system has knowledge of the true channel gains, h =
[h1 h2 -+ hp,]. In this case, the output of the SSD combiner
is given by [11], [16], [17]

Q)

where Or is a set of indices indicating which subset of di-
versity branches to combine. The indices contained in O; are
determined from the ordered magnitudes of the channel gains
through a binary-valued selection vector, @. Note that since an
ISIC SSD system operates with perfect channel knowledge, no
errors are made during the selection and combining processes.

In practice, however, a system does not have direct access to
h. Instead the channel gains must be estimated; thus the com-
biner output is [26], [30], [34], [39], [40]

DI Z ilZ?”k

keOx

2

where Oy indicates which branches to combine and }Alk is the
estimate of the channel gain, /1. Clearly, the performance of this
combining scheme greatly depends on the quality of the channel
estimate iLk. The indices contained in Oy are determined from
the ordered magnitudes of the estimated channel gains through
a binary-valued selection vector, a. Note that since the selection
is based on the estimated magnitude of the channel gains, it is
possible that an error is made during the selection process, i.e.,
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On is not necessarily equal to Or. An estimate of the channel
gains can be formed by averaging NV, pilot symbols, each with
energy £, received within the coherence time of the channel.!
In this case, the resulting estimate is?

ilk:hk+€k

where ey is the complex Gaussian estimation error with zero
mean and variance 02 = Ny/(2:FE;N,,) per dimension. The
pilot energy is related to the signal energy through the quantity
g = EP/ES. Note that /4, is a complex Gaussian RV since it is
the sum of two complex Gaussian RVs. It is important to stress
that NV, represents the number of received pilot symbols used in
forming an estimate of each branch. Depending on the choice
of transmitter and receiver architectures of an SSD system, the
actual number of transmitted pilots may need to be larger to
guarantee an estimate of each branch based on /V, pilots.3

III. SEP oF ISIC AND NSNC SYSTEMS

In this section, we first review the exact SEP expressions for
ISIC and NSNC systems. Using these results, we then derive
expressions for the asymptotic SEP. Later, these expressions
will play a critical role in deriving the SNR penalties.

A. Exact SEP Expressions

In [30], [42], it was shown that the SEP expressions for two-
dimensional M -ary signal constellations have the same struc-
ture for ISIC and NSNC. The expressions differ only in the pa-
rameter ¢ (F), which is a function of the average branch SNR,
I' =

ZPL Z I\ C( 7) )?(/[)iyj71/}i$j)

=1 JEB;

)

where p; is the a priori probability that the ith symbol is trans-
mitted and

1 e N sin? 0+ )
E Jo 11;[ |:Sil’12 (9 + '1/)) + Cn(r)

1

A4

I’Vd (C(r)/ qbv 1/})

“4)

In (3) B, is the set of indices for the signaling points that share

a decision boundary with s; and the angles ¢; ;, v, ; describe the

decision region corresponding to s; (see Fig. 2 for an example).#

The SEP depends on I' through the vector ¢'"/(I"), whose el-

ements depend on the particular signaling scheme, combining

method, and channel estimation. The nth element of ¢‘“%) is
given by

(@) =b,

INote that the channel estimation process is carried out to track changes in the
channel, and thus, pilot symbols need only be transmitted with a rate suitable to
track the fading [41].

2In this case, the result is the maximum likelihood estimate [26].

wy

’J Zip (18IC) (5)

3For example, in the case of antenna diversity with L4 receiver chains, if
La < Ngq itis not possible to receive the transmitted pilots on all branches si-
multaneously. It can be shown that [ Ny / L4 | N, pilots need to be transmitted to
ensure at least [V, pilots are received for estimation on each of the N4 branches.

4A detailed derivation of (3) and (4), along with the definitions of ¥, p, and
j4;,; 1s available in [30].

de.
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Fig. 2. Portion of the received signal constellation and its associated decision
regions.

W;

T2
Gy = b, nl'
D) =ty T+ (n+&)T

(NSNC) (6)
where the quantity w; ; is related to the distance between s; and
s, and is defined as w; ; = & + & —2,/&;&; cos (0; — 6;). The
signal points are represented in polar form as s; = /& E,e’%
with &; £ L The term n = N,e represents the amount of
energy devoted ‘to channel estimation, normalized to the energy
of one data symbol.

The quantity b,, is the nth element of b = T {rBa, and the
{th element of @, a; € {0,1}, determines whether the diver-
sity branch with the /th largest estimated magnitude is included
in the combining process. The upper triangular virtual branch
transformation matrix, Ty : RV — R™ | is given by [12]

1

D= B
. H§|H

Tvp = (M

1
Ny
Note that for MRC @ = 1, yielding b = 1, where 1 is a vector

of 1s. In this case, (,, does not depend on n and we have

M

D) =>"p Y ), iyt )

i=1  jEB;

Pé\’l RC (

®)

where

27[-'0

IMRC (€(T), &,) Y ¢ [ sin® (6 4 ) } Na "
sin’ )

20 +4)+¢
)
For certain signaling schemes, the SEP expressions can be

further simplified. For M -PSK, due to the symmetry of the con-
stellation, the SEP can be expressed as a single integral

M-1_
Mo

PM-PSK(D) = 21y, (4<P>., (10)
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where the expression for ¢{(T') uses w; ; = 4sin® (x/M). For
M-QAM, the SEP can be expressed as a weighted sum of two

integrals
a T
)= 3 St (¢Om 5. )

o g (<“><F), = 0) (1)

P\I QAM

where w¢ and w? are given in [30], and the expression for {(T)
uses w; ; = 12/[2(M — 1)].

B. Asymptotic SEP Expressions

In this section, we derive the asymptotic behavior of the SEP
for small and large SNR, as it will play a central role later in
developing expressions for the asymptotic penalties of interest.
The notation PP astc is used to denote (3) using the ISIC ex-
pression for Cn ) (5). Slmllarly, Pexsne denotes (3) with the
NSNC expression for ¢ (6).5

Lemma 1: For asymptotically small I" and finite 77, the expan-
sion of P..1g1c(I') and Pa.ngne(T') is given, respectively, by®

Peisic(T) = Pea 1s1c(T)

Poxsne(T) & Pea nexe(T)
where
Peatsic(T) 2 S _ gfi(b)lﬁl/Q +o (Fl/z) (12a)
o 21‘1' 2
W
Peansnc(l) 2 ;5 —771/2§H(5)F+0(F) (12b)
with
oo Ny 5
1 U
o(b) = — 1-— S du
0= | { nljl(w)} \

M
¢ = ZPL‘ Z bij

=1 jEB;
W= ZPz S w P s, =0y + Lo, 46, =)
i=1 JEB,

and 1p is an indicator function, defined as

5
113_{07

Proof: To prove (12b), we will use Lemma 3 and Lemma 4
given in Appendix A. From (3), (4), and (6)

ZPL ZLJ (T5 iy, i)

= JEB;

if B is truc
otherwise.

(13)

Pexsnol( 14)

SThroughout the paper, the subscript “a” is used to denote expressions that
are applicable for asymptotically small SNR, while the subscript “4” is used to
denote expressions that are applicable for asymptotically large SNR.

=) _ g

A function f(a) € o(g(a)) if and only if lit, o oy =0
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where

L (L5 i g, 0 5)

a L [Pt g l - éilflje — | as.
2 i, g n=1 by, iy ('rrlz+£q')1“ +sin”
(15)
Also note that, based on geometrical considerations,
¢i; + ¥, ; < = For each I, ;(T';¢;,,%: ;) term in the

summation (14) there are several cases to consider:
1) 9 > 0,¢;,; + ;. ; < m: Application of Lemma 3 yields

(/)z‘,j

2T

L j(Us iy vig) = + o(T). (16)

2) 955 = 0,¢; ; < 7: Application of Lemma 4 yields

(/>zi,j
27

B [nwz:,j} YT o). (7)

L (T ¢4,5,0) = 1

3) ;5 > 0,¢; 5+ ; = 7 Inthis case, using the symmetry

of sin? §
Li(Tsm — s g0 5) =L ;(Tsm — b 4,0)
=1 (I 6. 0)
o 1/2
~ O [0y o)
(18)

where the last equivalence follows from case 2.
4) 9, ; = 0, ¢; ; = w: Using the symmetry of sin? @

I j(Ts 7, 0) =21 ;(T';7/2,0)
ii11/2
zZ% -2 {%} H(b)F + O(F)
s s 11/2
- q;f 2 [—” UH s(B)L +o(I')  (19)

where the second equivalence follows from case 2.
Using (16)—(19) in (14) completes the proof.
The proof of (12a) can be completed using similar steps as
above in conjunction with [23, Lemma 1]. O

Note that the quantity i includes contributions from the trian-
gular sub-decision regions of a particular signaling point where
¥i; = 0or¢;; +;; = m. For this case, the sub-decision
region must be located on the edge of the signal constellation.
When the SNR is asymptotically small, the variance of the re-
ceived signal increases with respect to the mean, making it likely
that the received signal will cross a decision boundary and the
receiver will make an error. The only place where a boundary
cannot be crossed is at the edge of the constellation. The second
term in (12a) and (12b) quantifies this probability.

Lemma 2: For asymptotically large I', the expansion of
Poisic(I') and Ponsxe (D) is given, respectively, by

~ Poa 1s1c(T)
~ Poa nexe(D)

Pe;ISIC(F)
Poxgxe(l)
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where
1 Na 1\ M 1
Peaasic(l) £ ™ <H b_> > pilito (W) (20a)
n=1 "/ i=1
Ny M Ny
N 1 n+&; 1

Peansne(l) = e (H b_> sz( , Iit+o TN

v=1"/ i=1

(20b)

with

L (10 />) W e
0

Ii - Z % Wi 4

JEB;
Proof: Equations (20a) and (20b) follow from the power

series expansion of Pe1s1c(I") and Pe.ngne(T') in terms of 1/T
near I' — oo. O

IV. SNR PENALTIES

This section first defines the SNR penalty and then quantifies
the asymptotic SNR penalty for both asymptotically small and
large SNR. Comparisons between several types of systems are
considered. For a few specific cases, the exact SNR penalty is
also provided.

A. Definition of SNR Penalty

The SNR penalty, 5(T"), of system Y with respect to a refer-
ence system X is defined implicitly as’

Py (T) = Pox(B(I)'T) (22)

where we have assumed that system Y has performance inferior
to that of system X (i.e., Po.x(I') < P..v(I'),VI"). In general,
it can be shown that the SEP is monotonically decreasing in I'
and is typically log-concave [43]. Note that the SNR penalty is
a function of the target SEP and, therefore, is written explicitly
as a function of the average SNR. The derivation of the required
SNR for a given target SEP is an inverse problem, which also
arises in deriving the bit or symbol error outage [44]-[47] and
in determining configuration thresholds for adaptive communi-
cation systems [48]-[54]. In general, a closed-form expression
for 5(I') is difficult to obtain, if at all possible. This paper will
focus on four SNR penalties related to two classes of systems,
as depicted in Fig. 1. These penalties are implicitly defined as

Pegsic() = Pgie(8(T) ') (23)
Pexsxe(Isn) = Pe;ISIC(B(F)—lr) (24)
Pexsxc(lsn) = Pé\;/[hsé%c(/é(r)flrs n) (25)

Poxsne(im) = Pe;NSNC(@(F)71F§ m2), 12 > 1.
(26)

The first penalty (23), concerning only ideal systems, is the
penalty of a system employing SSD with respect to one em-
ploying MRC. The second penalty (24) is a comparison between
non-ideal systems and ideal systems employing the same com-
bining architecture. The third penalty (25), analogous to the first,
but for non-ideal systems, is the penalty of a system employing
SSD with respect to one employing MRC. Finally, the fourth

"The notation f(x)~! denotes the function g(x) = 1/f(x).
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TABLE I
SNR PENALTIES UNDER CONSIDERATION
Penalty || System X | System Y
B Ideal MRC Ideal SSD
3 Non-ideal MRC Non-ideal SSD
3 Ideal SSD Non-ideal SSD
B Non-ideal SSD (2 > m1) | Non-ideal SSD (1)
3 Ideal MRC Non-Ideal SSD

penalty (26), a generalization of the second, is a comparison be-
tween two non-ideal systems with different amounts of energy
devoted to channel estimation. Essentially, we are considering
two different types of comparisons: 1) comparisons between
different combining architectures, with or without channel es-
timation [i.e., (23) and (25)]; and 2) comparisons between sys-
tems with different estimation accuracies [i.e., (24) and (26)],
but with the same combining architecture.

Channel estimation techniques typically utilize resources that
may be devoted to data transmission. If the total energy devoted
to the data and pilot symbols is constrained, then increasing N,
leads to greater energy for channel estimation while lowering
the energy for data transmission; the two changes have oppo-
site effects on the system performance.® To isolate the impact
of channel estimation energy on system performance, we focus
on the SNR penalty for the case where varying the channel es-
timation capability does not influence the energy devoted to the
data symbols.

Remark: Alternatively, it is also possible to define the SNR
penalty with respect to system Y, as given by

Pg;Y(ﬁ,(F)F) = PeX(F) (27)

If B(T") and #(T") are independent of I, then the definitions in
(22) and (27) are equivalent. However, in the case where there
is a dependence on I', the following two relations hold:

A = p (B(0)7'T)
piI) =B Imr).

Throughout the paper, we will restrict our attention to the first
definition as given in (22).

In general, the exact SNR penalty (22) is a function of the
target SNR; hence, closed-form expressions are difficult, if at
all possible, to obtain. To alleviate these issues, we define the
asymptotic penalty. The basic methodology is to define a rela-
tionship between two asymptotic SEP expressions. In fact, when
both asymptotic expressions have the same order, the asymp-
totic penalty will simply be a scale factor that makes the two
expressions touch at the asymptote.

In the following sections, we derive asymptotic SNR penal-
ties, for both small and large SNR, for comparisons between a
variety of systems.

(28)
(29)

B. Comparisons Between Combining Architectures

This section quantifies the asymptotic penalties between dif-
ferent combining architectures for ISIC and NSNC systems.
Specifically, Theorem 1 considers the comparison of SSD to

8The problem of allocating the energy between the data and pilot symbols has
been addressed in the context of adaptive diversity communications (see, e.g.,
[41]) and in mobile radio systems (see, e.g., [55]).
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MRC for NSNC systems. Similarly, Theorem 2 considers the
comparison of SSD to MRC for ISIC systems.

Theorem 1: The asymptotic SNR penalties, for small and
large SNR, of SSD with respect to MRC for NSNC systems are
given, respectively, by

. +(1

fa = [2£3%] (30a)
1/Na

Ba = l - (30b)

Proof: From Lemma 1, the asymptotic expansion of
P..ngne(I') for small SNR for SSD and MRC s given, respec-
tively, by

¢ w
Pransne(D) = 2 - 2% sl + o) (1)
2w 2
PMRC I _£7,1/29 (1T T
cansne) = 5 175 f(LC+o(l).  (32)

Since these two functions have the same order, with a change
of scale of I', they will touch asymptotically. From (22), the
asymptotic penalty is given by the value of /3, such that

Peansne(l) = PMSGne (B, ') (33)

Substituting (31) and (32) into (33) gives (30a), which proves
the first half of Theorem 1.

From Lemma 2, the asymptotic expansion of P..xsxc (I') for
large SNR for SSD and MRC is given, respectively, by

Na M Na
1 1 n+&; 1
Prasne(T)= (H b—> S (1) aowo(w)

=1 =1
(34)
M Ny
: 1 n+&\ 1
MRC _ ‘ i _
Poixs~ne()= ™. ;pl ( " ) Li+o (W\h) .
(35)

Again, with a change of scale these two functions will touch
asymptotically. From (22) the asymptotic penalty is then given
by the value of #4 such that

Peansxe(l) = PiyiNsno(Ba D).

Substituting (34) and (35) into (36) gives (30b), which proves
the second half of Theorem 1. O

(36)

Remark: Since PX{(I) < Pensne(T), a change in

scale of I in PMES (), i.e., PYXEQ (B2 1T), is like moving
PNEc(T) to the right by 10 logyg . when plotted on a
decibel scale for I'. The value of /3, is the shift that causes the

asymptotes to touch.

Theorem 2: The asymptotic SNR penalties, for small and
large SNR, of SSD with respect to MRC for ISIC systems are
given, respectively, by

(37a)

3713

(37b)

) 1/Ng

Proof: The proof is similar to Theorem 1 using the ISIC
expressions from Lemma 1 (12a) and Lemma 2 (20a). O

Remark: The results of Theorem 2 are in complete agree-
ment with those of [23] given for the specific case of H-S/MRC
of M -PSK signal constellations, and [37] given for H-S/MRC
of arbitrary two-dimensional signal constellations. The results
given here unify those in [23], [37] and extend the analysis to
the case of SSD with non-ideal channel estimation.

Remark: Theorems 1 and 2 compare combining architectures
for the case of NSNC and ISIC systems, respectively. Note that
the asymptotic penalties for large SNR in these two cases are
equal (A = f3a). In fact, for large SNR, an NSNC system has
performance approaching that of an ISIC system, and thus, the
asymptotic penalties become equal.

C. Comparisons Between Channel Estimation Accuracies

This section quantifies the asymptotic penalties between sys-
tems with different amounts of energy devoted to channel esti-
mation for SSD systems. Specifically, Theorems 3 and 4 con-
sider the penalty of an NSNC system with respect to an ISIC
system, for asymptotically small and large SNR, respectively.
Similarly, Theorem 5 considers the penalty of one NSNC system
with respect to another that has more energy devoted to channel
estimation, for asymptotically small and large SNR.

Theorem 3: The asymptotic SNR penalty of an NSNC system
with respect to an ISIC system for small SNR is unbounded, i.e.,

B — 0. (38)
Proof: Letting 3y = B:; ! we seek a Ay such that
Peansne(I) = Poasie(Bol). 39)

Now, letﬁé/Z £ /21712 4 o(I'"/?). From Lemma 1, we have

b w ) :
Pea1s10(fol’) = % -3 K(B)AY T2 4+ o ([53”{‘”2)
_¢ ,,/1/2f k(B0 — w K(b)o(I'/2)I'1/2
27 2 2
+o ((7’1/21—\1/2 + O(PI/Q)) F1/2) '

It can be shown that —%x(b)o(TY/3)IV2 € o) and
o ((n'/2TY/2 + o(TV/2)) TV/2) € o(T'). Thus, we have

w .
P, 1s1c(Bol) = % - gﬁ(b)ﬁl/zr + o(T') = Pey nsnc(T)

where the last equality follows from Lemma 1. Hence, [y is a
unique solution for a given I' > (). Now by taking the limit of
fBo, forT' — 0, we have

2
I _ (1- 1/2p1/2 /2 ) -0
iy o = (o) =0

This implies that Ba — 00. (]



3714

Theorem 4: The asymptotic SNR penalty of an NSNC system
with respect to an ISIC system for large SNR is given by

Na
ﬁuA - (Z Cn,Tln)

n=0

1/17V(1
(40)

M

; i 18] L

where ¢, = (") Zj}i]f and I; is given by (21).
' _ . pil;

Proof: From Lemma 2, the asymptotic expansion of

Pe1s1c(I') for ISIC and NSNC is given by (20a) and (20b),

respectively. The asymptotic penalty is given by the value of

B 4 such that

Peoansne(I) = Pc;A,ISIC(B;‘lF)- 41
Using (20a) and (20b) in (41) yields [30]
N, 1/Nd
y Zf\il pi (":ﬁi) ‘ I;
Ba = i . (42)

Z{:l il

Performing the binomial expansion and rearranging terms gives

Ny M
o 1 Naen [(Na\ 2=y pili€}
ﬂA:5<Z’Id (n)

M
n=0 Zi:1 pil;

l/N_d
(43)

O

Remark: Theorems 3 and 4 show that, when comparing an
NSNC system and an ISIC system with the same combining
architecture, the asymptotic penalty is the same regardless of
the selection vector a.

Theorem 5 deals with comparisons between two NSNC SSD
systems with different amounts of energy devoted to channel
estimation.

Theorem 5: The asymptotic SNR penalties, for small and
large SNR, of one NSNC SSD system (#;) with respect to an-
other NSNC SSD system with greater channel estimation en-
ergy (12 > 1) are given, respectively, by

. - 1/2
b= H (442)
m
Na _n\ /Na
b n=0 Enll
Py = (%) : (44b)
n=0 C””Z

Proof: The proof follows from the asymptotic expressions
given in Lemma 1 and Lemma 2. O

It is interesting to note that the asymptotic penalties between
two ISIC systems [see (37a) and (37b)] and two NSNC systems
[see (30a) and (30b)] have no dependence on the signal constel-
lation. However, the asymptotically large SNR penalty between
an ISIC system and an NSNC system (40) or two NSNC systems
with different estimation energies (44b) depends on the partic-
ular signal constellation.
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D. Exact SNR Penalties

Under certain circumstances, it is possible to characterize the
exact SNR penalty between NSNC and ISIC systems. In the fol-
lowing, we consider the case of M -PSK signaling. For M -PSK,
the exact SNR penalty of an NSNC system with respect to an
ISIC system is given by

1 v
B() = — +pa

T (45)

where fa = (n+1)/n. This can be shown by finding a function
B(T") such that

Pixsne (1) = Pajgie™ (3(0)'T). (46)

The aforementioned relation is satisfied when the terms in the
products of the SEP expressions (given by (10) with (6) for
NSNC, and (10) with (5) for ISIC) are equal, i.e.,

sin? (0) sin? (9)

b”% + sin® (0) B bnenpsk (D) 1T + sin® (8)

Canceling terms and solving for B(F) gives the expression in
(45). From (45), we can see that

B(T) > Ba (47a)
Jim BI) =fa = +oo (47b)
Wi B(T) =7 (47¢)

Similarly, for M -PSK, the exact SNR penalty of one NSNC
system (1) with respect to another NSNC system with greater
channel estimation energy (72 > 1) is given by

2
o 1 1 1
/3(r):ﬂr+\/(”2‘+ r) ppptip 2
2 2 m m

48)

This can be shown by determining a function [(;(F) such that

Plane (i) = PRRREBI) Tima). (49)
The aforementioned relation is satisfied when the terms in the
products of the SEP expressions (given by (10) with (6) forn =
1 and 7 = 1j2) are equal, i.e.,

sin? (6) sin? (6)
evmpax 2 . - e B(TY—2T2 '
by, % + sin? (9) nzempsk B(T) 2T + sin? (6)

"1t (a4 1) D) LT

Canceling terms and solving for [;’(1") gives the expression in
(48), from which we make the following observations:

Jim H(r) =4, (50a)
o o M2 M + 1

1 T)y=p,=—= 50b

F—1>I-}—loo/( ) /A e + 1 ( )

Ba <B(I) <B,, for 1<\ /mne (50¢)

B, <BI) <Py, for 1> e, (50d)
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That is, the exact SNR penalty is lower and upper bounded by
the asymptotic SNR penalties and approaches these limits for
small and large SNR.

When the exact SNR penalty is difficult to obtain, asymp-
totic expressions for the SNR penalties are useful. However, it
is also important to develop ways to assess and relate the perfor-
mance of ISIC and NSNC systems for a specific SNR. The next
section provides bounds and approximations to alleviate these
difficulties.

V. BOUNDS AND APPROXIMATIONS

In this section, bounds on the SNR penalty are given by using
the SEP of an MRC system to upper and lower bound the SEP of
ISIC and NSNC. Approximate expressions for the SNR penal-
ties are also given to compare NSNC and ISIC, as well as NSNC
with 77; and NSNC with 772 > ;. These expressions can be used
to approximate the SEP of one SSD system in terms of another
SSD system.

A. Comparisons Between Combining Architectures

We now derive upper and lower bounds on the SNR penalty
of SSD with respect to MRC for both NSNC and ISIC sys-
tems. This enables us to bound and approximate the SEP of one
system in terms of another.

Theorem 6: The SNR penalty of SSD with respect to MRC
for NSNC systems is lower and upper bounded by 5, < 3(I') <
[u, where g1, and B¢ are defined as

~ N, 1/2
w2 e o
" ) 1/N4
By & [H b—] . (51b)
Proof: The proof is given in Appendix B. ]

Theorem 7: The SNR penalty of SSD with respect to MRC
for ISIC systems is lower and upper bounded by 1, < #(T') <
[u, where g, and ¢ are defined as

N, .
f & S =32 (52a)

pu = (52b)

|>
| — |
= =
Sl 3
| E—
-
~
'z
a
[
=
(e

Proof: The proof follows from similar arguments to those
in the proof of Theorem 6. O

Remark: The results of Theorem 7 are in agreement with
those of [23], given for the specific case of H-S/MRC of
M-PSK, and [37], given for the case of H-S/MRC of arbitrary
two-dimensional signal constellations. The aforementioned
results unify those in [23], [37] and extend the analysis to the
case of SSD with non-ideal channel estimation.

Equivalently, Theorems 6 and 7 can be used to bound the SEP
of NSNC and ISIC SSD systems, respectively:

e (Ao 'Tim)

(53)

PXRSnc(Br 'Tin) < Pansne(I5m) <
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(54)

e e

PAE(BL 'T) < Parsio(T) < PSRBT

The equivalence, in both cases, is due to the definitions of ,(; and
3, and to the fact that Pe.xsnc (I 0) and Pesic(T) are strict
monotonically decreasing functions of I'. Equation (53) states
that the SEP of an NSNC system employing SSD can be lower
and upper bounded by the SEP of an NSNC system employing
MRC operating at /5{ T and [;6 T, respectively.

Similarly, (54) states that the SEP of an ISIC system em-
ploying SSD can be lower and upper bounded by the SEP of
an ISIC system employing MRC operating at 3, 1T and Be r,
respectively.

Using Theorems 6 and 7, the SNR penalty of SSD with re-
spect to MRC for NSNC and ISIC systems, respectively, can be
approximated by taking the geometric mean of the upper and
lower bounds as

Bapprox ~ (BLBU)l/2

/3appr0x ~ (ﬂLﬁU)1/2~

Here, the geometric mean of the upper and lower bounds, on a

linear scale, is used to obtain the arithmetic mean of the bounds

on a decibel scale. Then, the performance of ISIC and NSNC
systems employing SSD can be approximated as

PC;NSNC (P’ 7’) ~ Pel\,{\ffg(lj\fc (/é;p]inoxr’ TI)

Pe;ISIC (F) ~ Pel\,%gICC (/Ba—plproxr) .

(55)
(56)

(57)
(58)

B. Comparisons Between Channel Estimation Accuracies

We now derive approximations of the SNR penalty for NSNC
systems with respect to ISIC systems, with the same combining
architecture. Similarly, we also consider the SNR penalty for
comparisons between NSNC systems. This enables us to ap-
proximate the SEP of one system in terms of another.

It is difficult to formulate good upper and lower bounds for
the SNR penalty between ISIC and NSNC systems, as well as
the penalty between two NSNC systems with different amounts
of energy devoted to estimation. For instance, note that B(F)
tends toward infinity for small I'. This makes a formulation like
the ones in (53) and (54) impractical. Instead, we take the ap-
proach of approximating the SNR penalty using the notion of
conditional SNR penalties.

Definition 1: The conditional SNR penalty of system Y with
respect to system X, /3;(T"), is defined as the SNR penalty based
on the conditional SEP given that symbol s; is transmitted:

oo x(T) = Pop x(Bi(D) D). (59)
Theorem 8: The conditional SNR penalty of an NSNC
system with respect to an ISIC system is given by

v 1 7+i
ALY

) = p+ 1 (60

_ Proof: The conditional SNR penalty is the expression
3;(T") that satisfies

Puy. xsnc(Tsn) = Puy, 1s10(8:(0)7'T) (61)
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where, from (3)—(6)

Wi g
P, 1s1c(T) = Z In, (b 4] L', i 1/&‘,;,‘) (62)
JEB;
w; nI?
(I I PR )
Fetse o {57) %; A“( LI e o J)
(63)

are the conditional SEPs for ISIC and NSNC, respectively. An
explicit expression for 3;(I") can be determined by using (62)
and (63) in (61), along with the expression for Iy, (-, -, -) given
in (4). Equating similar terms gives

sin? (8 + ;. ])

Wi 4 nT2
bnTl—l—(?;T)r + blll (6 —+ 1/)1 7)

_ _ sin? (8 4 1, ;) (6
by, 22 3;(0) 1T + sin® (6 + ¢ ;)

Canceling terms and solving for 3;(T') gives (60). d

Using Theorem 8, the SNR penalty of an NSNC system with
respect to an ISIC system, 5(I'), can be approximated as
M

Zpﬁ

where Bq(F) is given in (60) and the second equality follows
from the fact that Zgl pi& = 1.

Theorem 9: The conditional SNR penalty of one NSNC SSD
system (71) with respect to another NSNC SSD system with
greater channel estimation energy (12 > 1) is given by

2
4.(T) = 7772-21—&12'_ \/(ﬁ?;f—&r) 4 2771+EL

7]+1

B(F) % a,pplox n

(65)

™ 771
(66)

Proof: The conditional SNR penalty is the expression
3:(I') that satisfies

Py, xsxe(lim) = Pe\s;,,NSNC(//;)i(F)ilr;7/2)7 2 > 1)1
(67)
where P,,, nsxc(L'; 1) is the conditional SEP as given by (63).
In this case, it is possible to find an explicit expression for 5;(1")
by using (63) in(67) and setting similar terms equal to each

other, yielding the following quadratic equation:

772/%(1—‘)72 _ M 68)
L+ (4 )3, 1T 1+ (m+&)T
Taking the positive root gives the expression in (66). O

The following observations about the conditional SNR
penalty (66) are made, but the proofs are omitted for brevity:

1/2
5 A AT = |
/Ha,i - 1112%)/31(1—‘) - |:771:| (693)
9 +€
3.2 lim g(m) = RIS 69b
Ba rggc[() b (69b)
Ga; <O0)<B,; for &< fim (69)
Boi <BAD)<Bay for &> /i, (69d)
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Using Theorem 9, the SNR penalty of one NSNC system (7)
with respect to another NSNC system (72 > 1) can be approx-
imated by

AT % Bapprox () £ (70)
where 3,(T") is given in (66).

Now, using (65) and (70), the SEP of NSNC systems can be

approximated as

Pe;NSNC(F; 77) ~ Pe;ISIC (Bapprox(r)—lr) (71)
Pexsne(;m) = Pe;NSNC(,Bapprox(F)—lré n2).  (72)

Equation (71) states that the SEP of an NSNC system with
7 estimation energy operating at an SNR T" is approximately
equal to the SEP of an ISIC system operating at a SNR of
[idppmx(I‘) T, Similarly, (72) indicates that the SEP of an
NSNC system with 7; estimation energy operating at an SNR
I' is approximately equal to the SEP of an NSNC system with
12 estimation energy at an SNR of /3 (I)y=1T.

approx
C. Combination of SNR Penalties

An ISIC MRC system provides the best possible performance
and thus can be used as a reference system. The comparison
of any other system with respect to this reference can then be
obtained via a combination of SNR penalties. In particular, it
can be shown that the SNR penalty of NSNC SSD with respect
to ISIC MRC, defined as

Pensxe(lsn) = P;\{g‘fg([(r)—lr) (73)

is given by
AT) =BAI) T THBT) (74a)
= 3BT T)AI). (74b)

Note that these two expressions are equivalent, but arise from
considering different penalties in the process of formulating
the overall comparison. The expression in (74a) first uses the
penalty of NSNC SSD with respect to ISIC SSD, and then with
respect to ISIC MRC. On the other hand, the expression in (74b)
first uses the penalty of NSNC SSD with respect to NSNC MRC,
and then with respect to ISIC MRC.

In general, since the exact expressions for all the penalties
involved in the aforementioned expressions are not known, we
can use the previously developed bounds to approximate 3(I').
Specifically, starting from (74a), we approximate 3(-) with the
geometric mean of its lower and upper bounds, as in (58), and
B(-) with the approximation in (65), resulting in?

B(F) =~ Bapprox(r) = V /ﬁLﬂUBapprox(F)'

(75)

D. Approximation Accuracy

To evaluate the efficacy of the approximations, we have de-
veloped, we examine the SNR difference (in dB) between these
approximations and the true penalty determined numerically. In
particular, we will consider metrics of the following form:

Af = anl?‘)t(h ,H(dB) (F) - ﬁappmx (dB)(F) (76)

Equation (74a) was chosen over (74b) because the approximation for 3 is
better than that for 3, since the upper and lower bounds are closer.
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SNR Penalties, 3(T") and B(I") (dB)

ISIC, NSNC with 17=16, 2, 1 _|
LN, =4/16

940 -30 -20 -10 0 10 20 30 40
I (dB)

Fig.3. SNR penalty for 16-QAM, 16-branch SSD for various values of L4 and
7. Upper and lower bounds are also shown.

for an SNR penalty 3(-) and its approximation Bapprox (- ). Here,
' is chosen such that P = P, (I'*h), for an SEP threshold
P™ which indicates the smallest SEP of interest. The metric in
(76) gives the maximum difference (in dB) between the approx-
imation and the true performance for any SEP greater than P!
This metric measures the overall accuracy of an approximation
by considering its accuracy for all SEPs greater than P! or,
equivalently, all SNRs less than T'*!.

VI. DISCUSSION

The methodology and expressions developed in this paper
are applicable for different combining architectures, varying de-
grees of channel estimation energies, and arbitrary two-dimen-
sional signal constellations. We now demonstrate how these ex-
pressions facilitate system design using specific examples. In
particular, we consider 16-QAM systems to illustrate the be-
havior of the SNR penalty, bounds, and the accuracy of the ap-
proximations derived in the previous sections. First, we discuss
the two penalties for the comparison of systems with different
combining architectures (3 and ,(; ). Second, we examine the two
penalties for the comparison of systems with different estima-
tion accuracies (B and é). Third, we discuss the comparison be-
tween ideal MRC and non-ideal SSD, which can be viewed as a
combination of the previous two types of penalties. In all cases,
the exact penalties are computed by numerically evaluating the
SEP expressions in conjunction with a numerical root-finding
operation. Specifically, we consider H-S/MRC systems where
the receiver combines the signals from the L4 antennas with
the largest estimated channel magnitude out of V4 available an-
tennas.!0 For this selection policy

a—= [&1 100 ---0]F

L4 terms

which yields b, = 1, for 1 < o < L4, and b,, = Lq/n, for
Lq < n < Ng.

10Recall that NSNC systems utilize the estimates of the channel gains during
both the selection and combining processes.
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Fig. 4. Lower and upper bounds for the SNR penalty between two ideal sys-
tems (3) and two non-ideal systems (3).

A. Combining Architecture

Figure 3 shows the SNR penalty between SSD and MRC
systems for both ISIC B(I') and NSNC 3(I') with Ng = 16
branches. The figure also shows the upper and lower bounds on
these penalties as well as the large and small asymptotes. Note
that Sy = fu = Ba = fa, L., the SNR penalties between
two ISIC systems 3(I') and two NSNC systems (') share the
same upper bound and this bound is asymptotically tight. It can
be seen that the difference between 5r, and 3, is typically in the
second or third significant digit as reported in [23] for the spe-
cific case of M-PSK ISIC systems. Thus, little is lost in using
the lower bound to assess the asymptotic performance. The dif-
ference between the values of i, and f, in dB is half that of
Br, and fa, since Br, = ﬂim and 3, = ﬁal/z. From this figure,
we also see that for larger values of the estimation accuracy, 7,
the SNR penalty 3(T") approaches the ideal SNR penalty 5(T")
more quickly . However, the upper and lower bounds, as well
as the large and small asymptotes, remain independent of 7.

We see in Fig. 3 that the difference between the upper and
lower bounds depends on the specific value of L4. To obtain
further insights, Fig. 4 shows (¢, SBu, OL, and L, as a func-
tion of Ny for Lq = 1,2,4, 8. It is clear from Figs. 3 and 4 that
there is a large difference in the range of 4 and 3. Examining the
upper and lower bounds for both cases reveals that this differ-
ence is O /2 (in dB). Since the bounds are tight, this implies that
the SNR penalty as a function of I" varies more in non-ideal sys-
tems. However, the worst case SNR penalty is the same for both
cases, since they share the same upper bound. For the case of 3,
the maximum difference between the upper and lower bounds
is 1.57 dB, while for 7 it is 4.95 dB.

B. Channel Estimation Accuracy

Figure 5 shows the SNR penalty of an NSNC system with
respect to an ISIC system (24), along with the approximation
(65), for various values of  and L4. From these plots, it can
be observed that the approximation is quite accurate for a range
of SNRs. These SNRs, those less than about 20 dB, are rea-
sonable for practical systems. Also note that the approximation
becomes increasingly more accurate as the estimation energy 7,
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Fig. 5. SNR penalty féj (I") between NSNC and ISIC for 16-QAM, 16-branch
SSD systems.
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Fig. 6. SEP fora 16-QAM, La/Nq = 1/16 SSD system and the SEP approx-
imation for NSNC with 7 = 1 using an ISIC system [based on Fapprox (') in
(65)].

increases. To better quantify this effect, Table I1 lists the approx-
imation accuracy AS for various 7 and Lg (top number in each
table entry). All values in Table II are based on P!* = 1075, but
a similar table can be produced for any P of interest. These
values are conservative since typical values of P, for uncoded
systems, such as 10~2 or 1072, are greater than P*". These data
indicate that the performance gaps are approximately equal over
the range of L4 and, as suggested by Fig. 5, the gap decreases
quickly as 77 increases. The table also indicates that the perfor-
mance gap is at worst about 0.6 dB for a 16-QAM, 16-branch
system with 7 > 1. To further illustrate the application of the
approximation, Fig. 6 shows the SEP of L4/N4q = 1/16 ISIC
and NSNC systems with 7 = 1, along with an approximation
to the NSNC performance curve. The approximation is formed
as indicated by (71). From the figure, it can be noted that the
approximation is accurate for all SNRs of interest.

Similarly, Fig. 7 shows the SNR penalty of one NSNC system
with respect to an NSNC system (26) with 7, = 16, along with
the approximation (70), for various values of 77; and L. Again,
it is clear that the approximation is accurate for a range of SNRs
that are reasonable for practical systems. As for the case above,
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#—# Approximation
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Fig.7. SNR penaltyé (T") between two NSNC systems for 16-QAM, 16-branch
SSD (52 = 16).
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Fig. 8. SEP fora 16-QAM, L4/ N4 = 1/16 SSD system and the SEP approx-
imation for NSNC with 77 = 1 using an NSNC system with 7> = 16 [based on

3 (T') in (70)].

Mapprox

the SNR penalty quickly decreases and the approximation be-
comes more accurate as 71 approaches ns. To better quantify
the difference between the true SNR penalty and the approx-
imation, Table II lists the estimation accuracy Aﬂo for various
values of Ly and » (middle number in each table entry). The
data indicate that the performance gap is at most about 0.65 dB
for a 16-QAM, 16-branch system with 7; > 1. For increasing
values of 7)1, the table shows that the performance gap decreases
quickly. To further illustrate the application of the approxima-
tion, Fig. 8 shows the SEP of two Lq/Ngq = 1/16 NSNC sys-
tems: one with 772 = 16 and another with #; = 1. The approx-
imation to the r; = 1 system, formed as indicated by (72), is
also shown. Also in this case, it can be noted from the figure that
the approximation is accurate for all SNRs of interest.

C. Combination of SNR Penalties

The SNR penalty of an NSNC system employing SSD with
respect to an ISIC system employing MRC (73), along with
the approximation (75), is shown in Fig. 9 for various values
of 7 and L. This figure shows the combined effect of channel
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estimation accuracy, as well as combining architecture. To
assess the aggregate effect, we combine the approximations
for the SNR penalty of ideal SSD with respect to ideal MRC
(58), as well as the penalty of non-ideal SSD with respect to
ideal SSD (65). The approximation accuracy improves as the
number of combined branches L4, or the estimation accuracy
7 increases. This behavior is further verified by the data given
in Table II. The table lists the approximation accuracy AJ
for various values of L4 and 7 (bottom number in each table
entry). The data indicate that the performance gap is at worst
about 1.01 dB for SEPs greater than 10 9.

VII. CONCLUSION

This paper defines the SNR penalty between two systems
with different combining architectures and varying degrees
of channel estimation energy, for arbitrary two-dimensional
signal constellations. According to this definition, we derive
the asymptotic SNR penalties, for both small and large SNR,
between a variety of SSD systems. We also derive upper and
lower bounds, as well as approximations, on the SNR penalty.

We demonstrate that the SNR penalty of SSD with respect to
MRC has the same upper bound and asymptotic behavior (large
SNR) for both ISIC and NSNC systems. On the other hand, the
lower bounds and asymptotic behaviors (small SNR) of these
penalties differ by a power of two. Thus, NSNC systems suffer
a penalty which is at most equal to that of ISIC systems, but the
range of the penalty for NSNC is larger. These behaviors illus-
trate the dual role of channel estimation in practical diversity
systems.

The derived SNR penalties enable simple and accurate perfor-
mance assessment of one diversity system in terms of another.
Specifically, it is shown that the approximations are a fraction
of a decibel away from the exact SNR penalty that require ex-
tensive numerical evaluation. The notion of SNR penalty allows
system designers to assess sensitivity to channel estimation en-
ergy, combining architecture, and signal constellation, which in
turn facilitates making decisions during the design of wireless
systems.

APPENDIX A
SEP EXPANSION FOR ASYMPTOTICALLY SMALL SNR

In this appendix, the expansion of the SEP for NSNC at
asymptotically small SNR is derived for two cases.
Lemma 3: For asymptotically small I', the expansion of

L sin? #
_ 1 _ WY gh, 0<p<d<
27 /,, H {bnf(l"‘) + sin? 9} p<g<m

n=1

p(I')

where f(T') = l‘fjr ,

for finite @ and ¢, is given by

o)y~ O o),

Proof: Let

e
Y

g(I) p(I')
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Fig. 9. SNR penalty 3(I") between SSD NSNC and ideal MRC for 16-QAM,
16-branch systems.

sin? 4

[m} } do. (77)

1 ) Ny
=5 ), {1_ 1T

n=1

Let B = max,, {b,}, then

b .2 Ny
gmgi/ L{_ELLT] i
2r Sy Bf(T) +sin* 6

o . Ny
-1 ﬁ{1—{1——3"l(r), ; } }d().
2m Sy Bf(I") +sin* 6

It can be shown by induction that 1—(1 —q)Nd < Ngqg,VNg > 1
and q < 1. Using this fact, (78) becomes

(78)

‘ 1 (9 NgBf(I')
9 =50 /h Bf(T) +sin’0
si-¢ NaBf(T) »

21 Jy Bf(T) +sin?(6(¢), ¢))
where 6(1), ¢) = arg mingepy 4] sin? 4. This implies

NaB (¢ — ) 1i1;r
B +sin® (8w, 9))

1 1
—o(l) < —
()_271'

Note that sin?(6(1, ¢)) > 0 since 0 < ¢ < ¢ < 7, and hence

1
limsup =¢(T") < 0.
T'—0

(79

On the other hand, it is clear from the definition of g(-) that
¢(T") > 0. Thus, in conjunction with (79), we have

1
Jim (T = 0.

Thus, g(I') = o(T"). This result, combined with (77), completes
the proof of Lemma 3. O



3720

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 58, NO. 6, JUNE 2012

TABLE I
APPROXIMATION ACCURACY IN DECIBELS. A 5 (TOP), AND ? AJ (MIDDLE), AND A3 (BOTTOM) ARE SHOWN FOR P = 106

L4/N4

M1 | 2/16 | 4/16 ]

8/16

| 12/16 | 14/16 | 15/16 | 16/16

0.57203
1 0.62623
1.01496

0.58172
0.63517
0.78404

0.59384
0.64616
0.62306

0.60240
0.65350
0.60569

0.60376 | 0.60367 | 0.60358 | 0.60353
0.65436 | 0.65416 | 0.65406 | 0.65399
0.60427 | 0.60377 | 0.60361 | 0.60353

0.25510
2 0.29573
0.86663

0.26165
0.30170
0.64903

0.27000
0.30918
0.41225

0.27616
0.31445
0.27946

0.27731 | 0.27731 | 0.27727 | 0.27724
0.31526 | 0.31519 | 0.31514 | 0.31510
0.27782 | 0.27741 | 0.27730 | 0.27724

0.11122
4 0.09107
0.78509

0.10815
0.09394
0.56789

0.10416
0.09765
0.33463

0.09981
0.10049
0.15379

0.09850 | 0.09815 | 0.09806 | 0.09801
0.10107 | 0.10110 | 0.10109 | 0.10108
0.10531 | 0.09923 | 0.09827 | 0.09801

0.07734
6 || 0.03962
0.76031

0.07586
0.03811
0.54101

0.07403
0.03826
0.30583

0.07180
0.03983
0.12585

0.07048 | 0.07041 | 0.07039 | 0.07038
0.04020 | 0.04021 | 0.04021 | 0.04021
0.07733 | 0.07149 | 0.07060 | 0.07038

0.05948
8 0.02418
0.74938

0.05864
0.02346
0.52774

0.05767
0.02249
0.29110

0.05666
0.02146
0.11033

0.05546 | 0.05545 | 0.05544 | 0.05544
0.02093 | 0.02087 | 0.02085 | 0.02084
0.06225 | 0.05652 | 0.05565 | 0.05544

0.04856
0.01468
0.74401

0.04813
0.01432
0.52090

0.04733
0.01381
0.28246

10

0.04643
0.01325
0.10040

0.04581 | 0.04582 | 0.04582 | 0.04583
0.01295 | 0.01292 | 0.01291 | 0.01290
0.05256 | 0.04688 | 0.04603 | 0.04583

0.04106
0.00825
0.74105

0.04077
0.00805
0.51689

0.04039
0.00780
0.27688

12

0.03953
0.00751
0.09350

0.03905 | 0.03908 | 0.03909 | 0.03909
0.00736 | 0.00734 | 0.00733 | 0.00733
0.04578 | 0.04014 | 0.03930 | 0.03909

0.03559
0.00356
0.73923

0.03539
0.00348
0.51432

0.03515
0.00339
0.27289

14

Lemma 4. For asymptotically small I', the expansion of

() 1L/¢fi [ sin” 6 ]da 0<¢<
= — T A7 y ] i
PO %0 Jy M lb rmyvsin?e] ™
where f(I') = 1+CF , for finite @ and ¢, is given by
p@)zﬁlfﬁﬂqwr+qn.
2T
Proof: Let
¢
o) = 5~ p(D). (50)
™
Define a sufficiently small ¢, such that ¢ > 0 and

¢ = ¢/(a'?k(b)) € [0,1). The continuity of 8/ sin6,
around # = 0, implies that there exists §(¢) such that
1 sin § 1
< <
1+~ 6 —1—¢€
whenever § < 6(e). For such 6(e),
terms of two separate integrals as

(81)

¢(T') can be rewritten in

Q(F) = Il(F7 6) + [Z(F 6) (82)
where
5(¢) Nd a2
L(T,e) =—/ P—iﬁﬁjr]de
. b, f(T') +sin” 4
(83)
b Na 22
: sin“ ¢
LT e) = — — _— 16.
2(T€) 27 Js(e) };[1 {b,,f(r) + sin? 9] ‘
(84)
First, as a consequence of Lemma 3, we have
L(T€e) =~ o(T). (85)

0.03477
0.00327
0.08862

0.03405 | 0.03409 | 0.03410 | 0.03411
0.00321 | 0.00320 | 0.00320 | 0.00320
0.04076 | 0.03515 | 0.03431 | 0.03411

Now, we will show that for any € € [0, a'/2x(b))

1 .
limsup | =11 (T, ¢) — a'/2k(b)| < e. (86)
r'—o r
From (83)
1 .b’(e) Na ln .
Il(F76):ﬂ/ l—H T b f(L) dé.
Jo it (1) + sin 9—2
Using (81)
1 §(€) Ny b
Iﬁ@g—/ 1-J] |t~ ——ﬂi— df
27 0 n=1 bnf( ) 1+F)>
! (8(e)/ (1N F(TNY X Na u?
Tom - nll by, + u?

PO+ du

(87)
where, in the second equation, we have used the change of vari-
ables u = (8/(1 4 €))(1/f(I"))'/2. Taking the lim sup on both
sides of (87) gives

1
limsup=1 (T, ¢€)
r—o I

1 [~

<
— 27

i+

Ny
1/2 -7
1_[1 [bn - uQ} a’* (1 + é)du

and therefore

(83)

lim sup
r—o

{%Il(F,e) - al/zh‘(b)} < €
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A similar argument using the right inequality of (81) yields
. 1 1/2
= LEe) — . > —e.
h?l_,lgf [F LT e)—a 'k (b)} > —¢ (89)
Equations (88) and (89) imply that

lim sup
I'—0

1 .
(T - al/zm(b)’ <e (90)
which completes the proof of (86).

Using (82) and (85) in conjunction with (90) gives

< e

lim sup ‘I‘ (T') — a'/?k(b)

I'—0

The above is true for all € € [0, a'/2x(b)), and thus

1

— _ 12
th%) Fg(F) a*’“r(b).

This, together with (82), implies that

p(I) ~ a'2k(b)T + o(T)

2T

which completes the proof of Lemma 4. ]

APPENDIX B
PROOF OF THE SEP BOUNDS FOR NSNC

In this appendix, a proof'is given for the SEP bounds for com-
paring NSNC systems employing SSD with respect to NSNC
systems employing MRC.

Proof (Lower Bound): For each i, j, ', and 8 € [0, ¢, ;],
let

b n

w; 2
Mo & (0 + i)
sin? 0+ i ;) )

Ty =

Since z,, > 0,[23, Th. 3] implies that, for any probability vector
p

an

7
rtnté 4
sin? (8 + 1; ;)

ws 4 +Sin2 (9+1/)LJ)‘|

uz,j

H b I —1L— 1+77+£ + sin® (0 + i ;) b
>
sin® (6 + ¢ ;)

Using p,, = 1/N4 and applying Lemma 5 gives

N,
’GL 1FW 4 + bln (9 + ’l/;i.j) 4

L

sin? (6 + w; ;)

b, I ——

>
H sin? (0 + 1 ;)

n

i,' 2
Tnre & tsin (9+1/’m‘)]

. 1/2
where 3 1 = (Z b—) . Integrating the inverse of both

n Ng

sides over 6 and scaling by 1/(27) gives
IO (BT, iy i)
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In,(€U9(T), 15,4 g) Ving
where ¢, (ig )( ') is given by (6), and therefore
>IN (BT, ba i)
JEB;
< Z I C(7 J)

JEB;

T), i, ebiyy) Vi

Recognizing that (3) with (9) and (3) with (4) are convex com-
binations of the terms on the left-hand side and right-hand side,
respectively, yields

Pi\{\Rs(lj\C(B My < Pensne().

O

Proof (Upper Bound). Using ESF-Sum Inequality [23, Th.
4], it can be shown for any nonnegative y that

[Tw.+1) Hﬂ“d +1 o1
For each i, j, ', and 8 € [0, ¢; 4], let
= bl T7e 5
" sin? (04 9hiy)
Now, (91) becomes
11 bl g, 5 sin (0 + i)
- sin® (8 + v; ;)
1/N, w; r Na
(I, )" drw7+£ 23 1 sin? (6 + 4 ;)
- sin® (6 + 1, ;)
Application of Lemma 5 to the right-hand side gives
n Wi 2
H b, I Trage i tsin (0 + i s)
- sin? (6 + i)
j\/-d

BLlF—W = i 4 gin? (045 5)
L

>
- sin (9 + 1/]7;’]‘)

where 351 = (T, b")l/ N4 Integrating the inverse of both
sides over # and scaling by 1/(27) gives

Iy, (C(i’j) (), ¢s,5,%i.,5)
< INRC(EED(BIN), iy i) Ving

where (, (g )( I") is given by (6) and, therefore

S v, (€00), 60005
JEB;
< Z II{I}RC (C(i’ﬂ </§Elp) ,¢i,j,¢i,j) Vi.
JEB;
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Recognizing that (3) with (4) and (3) with(9) are convex com-
binations of the terms on the left-hand side and right-hand side,
respectively, yields

Pexsxe(l) < PR (Fp'T).

APPENDIX C
Bounps oN ¢“(I)

As discussed in Section III, the vector (.4) (T") has elements

which are a function of the SNR. The following lemma deals

with the properties of functions with a form similar to C,,(f’j ) ()

given in (6).
Lemma 5: For any & € (0,1] and ¢ € [0, o0), the function

r r?

—=—1>0
Lte 14’

FIr) £

satisfies the following:
(@) > af(T) > f(al).

Proof: Omitted for brevity. O
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