CCIT Report #581
April 2006

On the Error Exponents of Some Improved
Tangential-Sphere Bounds

Moshe Twitto Igal Sason

Technion — Israel Institute of Technology
Haifa 32000, Israel

{tmoshe@tx, sason@ee}.technion.ac.il

March 27, 2006

Abstract

The performance of maximum-likelihood (ML) decoded binary linear block codes over the AWGN channel
is addressed via the tangential-sphere bound (T'SB) and some of its improved variations. The paper focuses
on the derivation of the error exponents of these bounds. Although it was previously exemplified that some
variations of the TSB suggest an improvement over the TSB for finite-length codes, it is demonstrated in
this paper that all of these bounds possess the same error exponent. Their common value is equal to the
error exponent of the TSB, where the latter error exponent was previously derived by Poltyrev and Divsalar.

1 Introduction

In recent years, much effort has been put into the derivation of tight performance bounds on
the error probability of linear block codes under soft-decision maximum-likelihood (ML) decoding.
During the last decade, this research was stimulated by the introduction of various codes defined
on graphs and iterative decoding algorithms, achieving reliable communication at rates close to
capacity with feasible complexity. The remarkable performance of these codes at a portion of the
rate region between the channel capacity and cut-off rate, makes the union bound useless for their
performance evaluation. Hence, tighter performance bounds are required to gain some insight on
the performance of these efficient codes at rates remarkably above the cut-off rate. Duman and
Salehi pioneered this research work by adapting the Gallager bounding technique in [7] and making
it suitable for the performance analysis of ensembles, based on their average distance spectrum.
They have also applied their bound to ensembles of turbo codes and exemplified its superiority over
the union bound [4, 5]. Other performance bounds under ML decoding or ’typical pairs decoding’
are derived and applied to ensembles of turbo-like codes by Divsalar [2], Divsalar and Biglieri [3],
Jin and McEliece [10, 11], Miller and Burshtein [12], Sason and Shamai [14, 15, 16] and Viterbi
[22, 23].

The tangential-sphere bound of Poltyrev [13] forms one of the tightest performance bounds for
ML decoded linear block codes transmitted over the binary-input additive white Gaussian noise


lesley
Text Box
CCIT Report #581
April 2006


(BIAWGN) channel. The TSB was modified by Sason and Shamai [14] for the analysis of the bit
error probability of linear block codes, and was slightly refined by Zangl and Herzog [24]. This
bound only depends on the distance spectrum of the code (or the input-output weight enumerating
function (IOWEF) of the code for the bit-error analysis [14]), and hence, it can be applied to various
codes or ensembles. The TSB falls within the class of upper bounds whose derivation relies on the
basic inequality

Pr(word error | ¢g) < Pr(word error, y € R | ¢g) + Pr(y ¢ R | co) (1)

where ¢g is the transmitted codeword, y denotes the received vector at the output of the channel,
and R designates an arbitrary geometrical region which can be interpreted as a subset of the
observation space. The basic idea of this bounding technique is to reduce the number of overlaps
between the decision regions associated with the pairwise error probabilities used for the calculation
of union bounds. This is done by separately bounding the error events for which the noise resides
in a region R. The TSB, for example, uses a circular hyper-cone as the region R. Other important
upper bounds from this family include the simple bound of Divsalar [2], the tangential bound of
Berlekamp [1], and the sphere bound of Herzberg and Poltyrev [8]. In [19], Yousefi and Khandani
prove that among all the volumes R which posses some symmetry properties, the circular hyper-
cone yields the tightest bound. This finding demonstrates the optimality of the TSB among a
family of bounds associated with geometrical regions which possess some symmetry properties, and
which are obtained by applying the union bound on the first term in the RHS of (1). In [20], Yousefi
and Khandani suggest to use the Hunter bound [9] (an upper bound which belongs to the family
of second-order Bonferroni-type inequalities) instead of the union bound. This modification should
result in a tighter upper bound, and they refer to the resulting upper bound as the added hyper
plane (AHP) bound. Yousefi and Mehrabian also apply the Hunter bound, but implement it in a
quite different way in order to obtain an improved tangential-sphere bound (ITSB) which solely
depends on the distance spectrum of the code. The tightness of the ITSB and the AHP bound is
exemplified in [20, 21] for some short linear block codes, where these bounds slightly outperform
the TSB at the low SNR range.

An issue which is not addressed analytically in [20, 21] is whether the new upper bounds (namely,
the AHP and the ITSB) provide an improved lower bound on the error exponent as compared to
the error exponent of the TSB. In this paper, we address this question, and prove that the error
exponents of these improved tangential-sphere bounds coincide with the error exponent of the TSB.
We note however that the TSB fails to reproduce the random coding error exponent, especially for
high-rate linear block codes [13].

This paper is organized as follows: The TSB ([13], [14]), the AHP bound [20] and the ITSB [21]
are presented as a preliminary material in Section 2. In Section 3, we derive the error exponents
of the ITSB and the AHP, respectively and state our main result. We conclude our discussion in
Section 4. An Appendix provides supplementary details related to the proof of our main result.

2 Preliminaries

We introduce in this section some preliminary material which serves as a preparatory step towards
the presentation of the material in the following section. We also present notation from [2] which
is useful for our analysis.



2.1 Assumption

Throughout this paper, we assume a binary-input additive white Gaussian noise (AWGN) channel
with double-sided spectral power density of %. The modulation of the transmitted signals is
antipodal, and the modulated signals are coherently detected and ML decoded (with soft decision).

2.2 Tangential-Sphere Bound (TSB)

The tangential-sphere bound (T'SB) forms an upper bound on the decoding error probability of ML
decoding of linear block code whose transmission takes place over a binary-input AWGN channel
[13, 14]. Consider an (n,k) linear block code C of rate R £ £ bits per channel use. Let us
designate the codewords of C by {c;}, where i = 0,1,...,2¥ — 1. Assume a BPSK modulation
and let s; € {+/Fs, —FEs}" designate the corresponding equi-energy, modulated vectors, where
Es designates the transmitted symbol energy. The transmitted vectors {s;} are obtained from the
codewords {c;} by applying the mapping s; = (2¢; — 1)\/Es, so their energy is nEs. Since the
channel is memoryless, the received vector y = (y1,92,...,yn), given that s; is transmitted, can be
expressed as

yi=8;+z, j=12,....n (2)

where s; ; is the 4™ component of the transmitted vector s;, and z = (21,22,...,2,) designates an
n-dimensional Gaussian noise vector which corresponds to n orthogonal projections of the AWGN.
Since z is a Gaussian vector and all its components are un-correlated, then the n components of z
are i.i.d., and each component has a zero mean and variance o2 = %.

Let E be the event of deciding erroneously (under ML decoding) on a codeword other than the
transmitted codeword. The TSB is based on the central inequality

Pr(E|co) < Pr(E,y € Rlco) + Pr(y ¢ Rlco) (3)

where R is an n-dimensional circular cone with a half angle 8 and a radius r, whose vertex is
located at the origin and whose main axis passes through the origin and the point corresponding
to the transmitted vector (see Fig.1). The optimization is carried over r (r and 6 are related as
shown in Fig. 1). Let us designate this circular cone by C, (). Since we deal with linear codes,
the conditional error probability under ML decoding does not depend on the transmitted codeword
of the code C, so without any loss of generality, one can assume that the all-zero codeword, sq, is
transmitted. Let z; be the radial component of the noise vector z (see Fig. 1) so the other n — 1
components of z are orthogonal to the radial component z;. From Fig. 1, we obtain that

r=+/nkstand
Tz = (\/nES — zl) tan @
Bier) = (ViBs — 1) tan = YRR Z L% (1

2
\/nES—%’“ 2

The random variable Y £ S 522 is x? distributed with n — 1 degrees of freedom, so its pdf is
given by

n—2 Y
y 2 e 222U(y
Ir(y) = = (71) , y=0 (5)
277 oIl ()
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Figure 1: The geometric interpretation of the TSB.

where U designates the unit step function. The function I' is the complete Gamma function

I'(z) = /000 t*te~tdt, Real(z) > 0. (6)

Conditioned on the value of the radial component of the noise, z1, let F(z1) designate the
decoding error event. The conditional error probability satisfies the inequality

Pr(E(z1) | z21) < Pr(E(z1),y € Cu(0) | 21) + Pr(y ¢ Cu(0) | 21) (7)

The conditional error event F(z1) can be expressed as a union of pairwise error events, so

M-1
Pr(E(z1),y € Cp(0) | z1) = Pr < U Eo—i(z1),y € Cr(0) | zl> , M 29 (8)
i=1



where Ey_,;(z1) designates the event of error had the only codewords were ¢y and c;, given the
value z; of the radial component noise in Fig. 1, and M £ 2% denotes the number of codewords of
the code C. We note that for BPSK modulation, the Euclidean distance between the two signals s;
and sg is directly linked to the Hamming weight of the codeword c;. Let the Hamming weight of
c; be h, then the Euclidean distance between sy and s; is equal to 65, = 2v/hFs. Let {An} be the
distance spectrum of the linear code C, and let Ej,(z1) be the event of deciding under ML decoding
in favor of other codeword c; whose Hamming weight is h, given the value of z;. By applying the
union bound on the RHS of (8), we get

k
Pr(E(z1),y € Cn(8) | 21) < Z ApPr(Ey(z1),y € Ca(0) | 21). (9)

Combining (7) and (9) gives

Pr(E(z) | z1) < Z {ALPr(Ep(z1),y € Cn(0) | 21) } + Pr(y ¢ Cn(0) | 21). (10)
h

The second term in the RHS of (10) is evaluated from (5)
Pr(y ¢ C,(0) | z1) = Pr (Y > 72 | z1)
= fY( )dy

zl

0o n—2 7%
_ y 2 e 22U(y)
N /Tz 9"t gn—1T (L*1) @y (11)
1 2

This integral can be expressed in terms of the incomplete Gamma function

v(a,x) & T(a) /0 t* tetdt, a>0, >0 (12)
and it is transformed to
n—1 7"2
Prty ¢ Cul0) | =17 ("5 5% ) (13)

Let zo designate the tangential component of the noise vector z, which is on the plane that contains
the signals sp, s; and the origin of the space, and orthogonal to z; (see Fig. 1). Referring to the
first term in the RHS of (10), it follows from the geometry in Fig. 1 that

Pr(Ep(21),y € Cu(8) | 21) = Pr(Ep(z1),Y <77, | 21)
=Pr (Bu(z1) < 22 < rzl,Y <rZ|z). (14)
Let V£33 " .22 then V=Y — 22, and
Pr(Ep(z1),y € Cn(0) | 21) = Pr (Bu(21) < 20 <72, V <12 — 25 | 1) (15)
The random variable V is x? distributed with n — 2 degrees of freedom, so its pdf is
YT e wTU(y)

2T ()

fv(v) = v >0 (16)
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and since the random variables V' and Zy are statistically independent, then

z

Pr(En(=1),y € Cu(6) | 21) = /B v /0 Ty (0)dv e, (17)

L (21) V2TO

In order to obtain an expression for the decoding error probability, Pr(E), one should apply the
statistical expectation operator on the RHS of (10) w.r.t. the radial noise component z;, which
results in

2
[e.o] _% 22
i [ 5 i o)

2mo
h:7h<ah
1 2
+1—7 (”5 , 202) dz. (18)

The determination of the indices h which are taken into account in the summation in the RHS of
(18) relies on the equivalence between the inequalities G (21) < 72, and L < ap, where

J3

A
Oéh_—’r l— n
4 Es

(19)

The upper bound (18) is valid for all positive values of r. Hence, in order to achieve the tightest
upper bound of the form (18) one should set to zero the partial derivative of the RHS of (18) w.r.t.
r,, . After straightforward algebra the following optimization equation for the optimal value of r is
obtained [13]:

Z Ah/ sn"?’qbdgﬁ:f(l;( ))

h: h<ah

0), = cos™! on 1

2r \/ 52
1——h
4dnFEg

where o, is given in (19). A proof for the existence and uniqueness of a solution r to the optimization
equation (20) was provided in [15, Appendix B], together with an efficient algorithm to solve
numerically this equation. In order to derive an upper bound on the bit error probability, let A, ,
designate the corresponding coefficient in the IOWEF which is the number of codewords which are
encoded by information bits whose number of ones is equal to w (where 0 < w < nR) and whose
Hamming weights (after encoding) are equal to h, and define

nR
A ey (%)Aw,h, h=0,...,n (21)

In [15, Appendix C], Sason and Shamai derive an upper bound on the bit error probability by
replacing the distance spectrum {A;} in (18) and (20) with the sequence {A}}, and show some
properties on the resulting bound on the bit error probability.



2.3 Improved Tangential-Sphere Bound (ITSB)

In [21], Yousefi and Mehrabian derive a new upper bound on the block error probability of binary
linear block codes whose transmission takes place over a binary-input AWGN channel, and which
are coherently detected and ML decoded. This upper bound, which is called improved tangential-
sphere bound (ITSB) is based on inequality (3), where the region R is the same as of the TSB (i.e.,
an n-dimensional circular cone). To this end, the I'TSB is obtained by applying a Bonferroni-type
inequality of the second order [6, 9] (instead of the union bound) to get an upper bound on the joint
probability of decoding error and the event that the received vector falls within the corresponding
conical region around the transmitted signal vector. The basic idea in [21] relies on Hunter’s bound
which states that if {F; } —, designates a set of M events, and ES designates the complementary
event of E;, then

<UE> Pr(E)) + Pr(Ba N ES) + ...+ Pr(Eyy NES, ...N EY)

M
< Pr(E1)+ > Pr(E;NE). (22)
=2

where the indices 7 € {1,2,...i — 1} are chosen arbitrarily for i € {2,...,M}. Clearly, the upper
bound (22) is tighter than the union bound. The LHS of (22) is invariant to the ordering of the
events (since it only depends on the union of these events), while the RHS of (22) depends on this or-
dering. Hence, the tightest bound of the form (22) is obtained by choosing the optimal indices order-
ingie€{1,2,...,M}andi € {1,2,...,i—1}. Let us designate by I1(1,2,..., M) = {m,mo,..., 7}
an arbitrary permutation among the M! possible permutations of the set {1,2,..., M} (i.e., a per-
mutation of the indices of the events E to Ejs), and let A = (A2, A3, ... Ays) designate an arbitrary
sequence of integers where \; € {m1, 72, ... m—1}. Then, the tightest form of of the bound in (22)

is given by
M
(UE><m1n{Pr( n)+ > Pr(Er, mEA)} (23)
=2
Similarly to the TSB, the I'TSB originates from the upper bound (7) on the conditional decoding
error probability, given the radial component of the noise z; (see Fig. 1). In [21], it is proposed to
apply the upper bound (23) on the RHS of (8) which for an arbitrary permutation {m, 7o, ..., s}
and a corresponding sequence of integers (A1, Ag,...Ay/—1) as above, gives

M-1
Pr ( U Eo—i,y € Cn(0) | 21> < rlr]l}j{l{Pr(Eoﬂm,y € Cn(0) | z1)

i=1
M-1
+ Z PT(EOHmvEga)\ivy € Cn(e) | Zl)} (24)
=2

where Ej_.; designates the pairwise error event where the decoder decides on codeword c; rather
than the transmitted codeword cg. As indicated in [19, 21], the optimization problem of (24)
is prohibitively complex. In order to simplify it, Yousefi and Mehrabian suggest to choose m =
Ai = imin for all ¢ = 2,..., M, where iy, designates the index of a codeword which is closest



(in terms of Euclidian distance) to the transmitted signal vector sg. Since the code is linear and
the channel is memoryless and symmetric, one can assume without any loss of generality that
the all-zero codeword is transmitted. Moreover, since we deal with antipodal modulation, then
wH(Ci,,) = dmin Where dpyin is the minimum distance of the code. Hence, by this specific choice
of m; and A (which in general loosen the tightness of the bound in (24)), the ordering of the
indices {mq,...,mps} is irrelevant, and one can omit the optimization over IT and A. The above
simplification results in the following inequality:

Pr(E|z1) <Pr(Eo—ip: ¥ € Cn(0) | 21)
M-1
+ Z Pr(Eo—i, EG_i,; Y € Cn(0) | 21) + Pr(y ¢ Cn(0) | 21) . (25)
=2

Based on Fig. 1, the first and the third terms in the RHS of (25) can be evaluated in similarity
with the TSB, and we get

Pr (Bomipn: ¥ € Cn(0) | 21) = Pr(Bmin(21) < 22 <12y, V <12 — 23 | 21) (26)
n—1 7“31
Prly ¢ Cal0) | 21) =1 ("=, 25 (27)
o
where
27’LES dmin
min = - —_—, 2
Bumin (21) ( No Zl) R (28)

zo is the tangential component of the noise vector z, which is on the plane that contains the signals
S0, Si,;, and the origin (see Fig. 1), and the other parameters are introduced in (4).

For expressing the probabilities of the form Pr(Eo—i, E§_; .,y € Cn(f) | z1) encountered in
the RHS of (25), we use the three-dimensional geometry in Fig. 2-(a) (see p. 25). The BPSK
modulated signals sg, s; and s; are all on the surface of a hyper-sphere centered at the origin and
with radius /nE;s. The planes P; and P, are constructed by the points (0,so,s;) and (o,so,s;),
respectively. In the derivation of the ITSB, Yousefi and Mehrabian choose s; to correspond to
codeword c¢; with Hamming weight dmin. Let 25 be the noise component which is orthogonal to z;
and which lies on the plane P (see Fig 2-a). Based on the geometry in Fig. 2-a (the probability of
the event Ef_,; is the probability that y falls in the dashed area) we get the equality

Pr(EO*VL'v E(c)—>iminay € Cn(e) | Zl)
=Pr (/Bz(zl) S 2 STy, —Ty S ZZ/S < Bmin(21), Y < rzl | Zl) ) (29)

Furthermore, from the geometry in Fig. 2-b (see p. 25), it follows that
24 = zgsin(¢) + 22 cos(). (30)

where z3 is noise component which is orthogonal to both z; and 29, and which resides in the three-
dimensional space that contains the signal vectors sg, s;, s; . and the origin. Plugging (30) into
the condition —r,, < 25 < Bmin(21) in (29) yields the condition —r,, < z3 < min{l(z1,22),72, }
where

(o1, z) = Pin(20) — p22 (31)

V1= p?



n
and p = cos ¢ is the correlation coefficient between planes P; and P,. Let W = Z 21-2, then
i=4

=Pr (Bi(z1) < 20 <rsy, =1y <z <min{l(z1,22), 72}, W <12, =25 =25 |z1). (32

The random variable W is Chi-squared distributed with n — 3 degrees of freedom, so its pdf is given
by

n—>5 w

u)TeiﬁU(w)
fW(w) = “n-3 3\’
27z on I (1)

w > 0. (33)

Since the probabilities of the form Pr(Eo—i, E§_; .,y € Cn(0) | 21) depend on the correlation
coefficients between the planes (o, s, s;, ., ) and (0,sg,s;), the overall upper bound requires the
characterization of the global geometrical properties of the code and not only the distance spectrum.
To circumvent this problem and obtain an upper bound which is solely depends on the distance
spectrum of the code, it is suggested in [21] to loosen the bound as follows. It is shown [20,
Appendix B]| that the correlation coefficient p, corresponding to codewords with Hamming weights
d; and d; satisfies

) d;d; (n—d;)(n—dj) min(d;, d;)[n — max(d;, d;)]
—mln{\/(n_di)(;_dj),\/ did, J }SPS \/diden—di)(n—dj)j . (34)

Moreover, the RHS of (32) is shown to be a monotonic decreasing function of p (see [21, Ap-
pendix 1]). Hence, one can omit the dependency in the geometry of the code (and loosen the
upper bound) by replacing the correlation coefficients in (32) with their lower bounds which solely
depend on the weights of the codewords. In the derivation of the ITSB, we consider the cor-
relation coefficients between two planes which correspond to codewords with Hamming weights
di = h € {dmin, - - ., dmax} and dj = dmin. Defining

. hdmin (n - h) (n — dmin)
TN SR (= dun)” hdmin

hdmin
- _\/(n —h)(n — dmin)’ (35)

where the last equality follows directly from the basic property of duin as the minimum distance of
the code. From (25)-(26) and using the smoothing theorem w.r.t. Z;, one gets the following upper
bound on the decoding error probability:

Ph

Pr(E) < Pr (ﬁmin(zl) <z <ry,V< rgl — z%)

dt[lax
+ > ARPr(Bu(zr) € 2o 1y, sy < 23 < min{ly(z1, 22), 72 L W <02 - 25 — 23)
h=dmnin
+Pr (Y >12) (36)



where the parameter [ (21, 22) is simply (21, 22) in (31) with p replaced by pp, i.e.,

& Bmin(21) — prz2

1/1—p}21

Using the probability density functions of the random variables in the RHS of (36), and since the
random variables Z1, Zo2, Z3 and W are statistically independent, the final form of the I'TSB is given
by

Pegf

(37)

2 2

F2u(2) / T )dy - ds

Tz

Bmln

min{lp (21,22),r2; } r2 —z3—z2
+ Ah/ﬂ / fZQ,Zg(ZQ, 23) / fW('LU)d'LU . dZQ . dZ3
h Zl Tz 0

h: Bh(zl <'r'z1

n—1 r2
+ 1—7( 5 20 2)} fz,(z1)dz1. (38)
Note that V£ 3" .22 and W £ "%, 22 are Chi-squared distributed with n—2 and n — 3 degrees
of freedom, respectively.

2.4 Added-Hyper-Plane (AHP) Bound

In [20], Yousefi and Khandani introduce a new upper bound on the ML decoding block error
probability, called the added hyper plane (AHP) bound. In similarity with the ITSB, the AHP
is based on using the Hunter bound (22) as an upper bound on the LHS of (9), which results in
the inequality (24). The complex optimization problem in (24), however, is treated differently.
Let us denote by Z,, the set of the indices of the codewords of C with Hamming weight w. For
i€ {1,2,..., M}\Zy,, let {j;} be a sequence of integers chosen from the set Z,,. Then the following
upper bound holds

Pr(E(z1),y € Cp(0) | 21)

< m}n Pr U {EOH]} vyel,(0)] |+ Z Pr (Egﬂi,Eg_)ji,y € Cnh0) | 21)
e J€Tw i€{l,...M—1\T,
(39)

The probabilities inside the summation in the RHS of (39) are evaluated in a similar manner to the
probabilities in the LHS of (29). From the analysis in Section 2.3 and the geometry in Fig. 2-(b),
it is clear that the aforementioned probabilities depend on the correlation coefficients between the
planes (o,sq,s;) and (0,sg,s;;). Hence, in order to compute the upper bound (39), one has to
know the geometrical characterization of the Voronoi regions of the codewords. To obtain an upper
bound requiring only the distance spectrum of the code, Yousefi and Khandani suggest to extend
the codebook by adding all the (Z) — Ay n-tuples with Hamming weight w (i.e., the extended code
contains all the binary vectors of length n and Hamming weight w). Let us designate the new code
by C, and denote its codewords by

. n
b ze{o,l,...,M+< )—Aw—l}.
w

10
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The new codebook is not necessarily linear, and all possible correlation coefficients between two
codewords with Hamming weight i, where ¢ € {dmin,-..dmax}, and w are available. Thus, for
each layer of the codebook, one can choose the largest available correlation' p with respect to any
possible n-tuple binary vector of Hamming weight w. Now one may find the optimum layer at
which the codebook extension is done, i.e., finding the optimum w € {1,2,...n} which yields the
tightest upper bound within this form. We note that the resulting upper bound is not proved to
be uniformly tighter than the TSB, due to the extension of the code. The maximum correlation
coeflicient between two codewords of Hamming weight d; and d; is introduced in the RHS of (34)
(see [20]). Let us designate the maximal possible correlation coefficient between two n-tuples with
Hamming weights w and h by py 5 , ie.,

min(h, w)[n — max(h, w)]
Vhw(n —h)(n —w)

By using the same bounding technique of the I'TSB, and replacing the correlation coefficients with
their respective upper bounds, py,p, (39) gets the form

, w#h. (40)

Pw,h =

Pr(E(z1),y € Cp(0) | 21) < nii)n { Pr U {Eo—;},y € Cn(0) | =1

Jrwn(e¥)=w

+ Z ApPr (Y <12, Br(z1) < 22, 23 < lyp(z1,22) | 21) }

h#w
(41)
where
Lon (21, 22) = Bu(z1) — p;u,hZQ' (42)
\/ 1—- Puw.h
Now, applying Hunter bound on the first term in the RHS of (41) yields
Pr U {Eo—;}, y € Cn(0) | 2
Jrwn (¥ )=w
()1
< Pr(Bo—io,y € Cu(0) | 21) + ) Pr(Eo—u, E_;y € Cu(0) | 21) (43)
i=1
where {I;}, i € {0,1,..., () — 1} is a sequence which designates the indices of the codewords of
Cw with Hamming weight w with an arbitrary order, and I; € (lopyl1,...,li—1). In order to obtain

the tightest bound on the LHS of (43) in this approach, one has to order the error events such that
the correlation coefficients which correspond to codewords c¢;; and c; get their maximum available
value, which is 1 — m [20, Appendix D]. Let us designate this value by puy . »i-€.,

n

Pww =1 — win—w) ,w# {0,n}.

w(n —

'The RHS of (39) is a monotonically decreasing function of p, as noted in [21]

11



Hence, based on the geometry in Fig. 2 (see p. 25), we can write (43) as

Pr U  EoojiyeCuld) |z

Jrwn(cy)=w

S Pr (/Bw(zl) S 22 < 7’21,‘/ < 7’21 - Z% ’ Zl)
n .
- |:(w> o 1:| Pr (ﬂw(2’1> S 29 STy, Tz <23 < mln{ZW,w(Zl’ZZ)vrzl}’ W< Tzl B Z% o Z% | Zl)
(44)

where
/Bw(zl) — Pw,wr2

\/ 1- p?u,w

By replacing the first term in the RHS of (41) with the RHS of (44), plugging the result in (7) and
using the smoothing theorem w.r.t. Z; finally gives the following upper bound on the block error
probability:

lw,w(zla 32) = (45)

Pr(E) < min { Pr (ﬂw(zl) <z <r,,V< 'r’zl — z%)
w
n . 2 2 2
+ (U}) Pr (,Bw(21) <z < Tz1s =Tz < Z3 < mln{lw,w(zly 22)7T21}7 w < Ty — 22 — 23)

+ Z ApPr (Bn(z1) < 20 <1z, =12y < 23 <min{lyp(21,22), 72, 1, W < 7‘31 — 22— zg) }
h#w

+Pr (Y >r2) } (46)

Rewriting the RHS of (46) in terms of probability density functions, the AHP bound gets the form

00 T2 7‘21 —22
P. < min / [ dale) [ o dz
w - ﬂw(zl) 0

mln{lw w(z1,22) Tzl} 7‘31 —zg—z%
( > / / [ 24,25 (22, 23)/ fw(w)dw - dzy - dz3
w Zl Tz 0

mln{lw h(‘zl:zQ Tzl} Tgl —Z%—Z%
Py (A / / frraleas2) | o () - dz - dz
Br(z1) J =z 0

h: /Bh(zl) < Tz
h #w

_ 2
o (15 ) e @

where V' and W are introduced at the end of Section 2.3 (after Eq. (38)), and the last term in (47)
follows from (13).
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3 The Error Exponents of the ITSB and AHP Bounds

The ITSB and the AHP bound were originally derived in [20, 21] as upper bounds on the ML
decoding error probability of specific binary linear block codes. In the following, we discuss the
tightness of the new upper bounds for ensemble of codes, as compared to the TSB. The following
lemma is also noted in [21].

Lemma 1. Let C be a binary linear block code, and let us denote by ITSB(C) and TSB(C) the
ITSB and TSB, respectively, on the decoding error probability of C. Then

ITSB(C) < TSB(C).

Proof. Since Pr(A, B) < Pr(A) for arbitrary events A and B, the lemma follows immediately by
comparing the bounds in the RHS of (10) and (25), reffering to the TSB and the ITSB, respectively.
O

Corollary 1. The ITSB can not exceed the value of the TSB referring to the average error prob-
ability of an arbitrary ensemble of binary linear block codes.

Lemma 2. The AHP bound is asymptotically (as we let the block length tend to infinity) at least
as tight as the TSB.

Proof. To show this, we refer to (46), where we choose the layer w at which the extension of the
code is done to be n. Hence, the extended code contains at most one codeword with Hamming
weight n more than the original code, which has no impact on the error probability for infinitely
long codes. The resulting upper bound is evidently not tighter than the AHP (which carries an
optimization over w), and it is at least as tight as the T'SB (since the joint probability of two events
cannot exceed the probabilities of these individual events). O

The extension of Lemma 2 to ensembles of codes is straightforward (by taking the expectation
over the codes in an ensemble, the same conclusion in Lemma 2 holds also for ensembles). From
the above, it is evident that the error exponents of both the AHP and the ITSB cannot be below
the error exponent of the TSB. In the following lemma, we introduce a function which forms a
lower bound on both the ITSB and the AHP bound. This serves as an intermediate stage to get
our main result.

Lemma 3. Let C designate an ensemble of linear codes of length n, whose transmission takes place
over an AWGN channel. Let Aj; denotes the average number of codewords over the codebooks in
C with Hamming weight h. Then both the ITSB and the AHP upper bounds on the average ML
decoding error probability of C are lower bounded by the function ¥ (C) where

Y(C) £ ngn { Pr (ﬁw(zl) <zp<r,, VS 7"31 - zg)

+ thpr (ﬁh(’zl) <z < Tz15 =Tz <23 < min{lw,h('Zl,ZQ)aer}, W< 731 - Z% - Z?Q,)
h

+ Pr (Y > rzl) } (48)
where L, (21, 22) is defined in (42).
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Proof. By comparing (46) with (48), it is easily verified that the RHS of (48) is not larger than
the RHS of (46) (actually, the RHS of (48) is just the AHP without any extension of the code).
Referring to the ITSB, we get

ITSB(C) = E¢ [Pr (ﬁmin(zl) <z <r,,V< 7“21 — z%)

+ ) ARPr (Bu(z1) < 22 <1y, —ray < 23 < min{ly(z1,22), 7 1 W S 12 — 25 — 25)
h
+Pr (Y >12)]

> min {Ec [Pr (Bu(z1) < 22 <12y, V <72, — 23)

+ ZAh Pr (ﬂh(zl) <29 Sy, —Tz <23 < min{lw,h(zleQ)arn}vW < 7“31 - Z% - Z?%)
h

+Pr (Y >72)] } =(C). (49)

The above inequality holds since the ITSB is a monotonically decreasing function w.r.t. the corre-
lation coefficients (see Appendix A.3). The equality in (49) is due to the linearity of the function
in (49) w.r.t. the distance spectrum, on which the expectation operator is applied. ]

In [20] and [21], the RHS of (46) and (36), respectively, were evaluated by integrals, which results
in the upper bounds (47) and (38). In [2, Section D], Divsalar introduced an alternative way to
obtain a simple, yet asymptotically identical, version of the TSB by using the Chernoff bounding
technique. Using this technique we obtain the exponential version of ¥ (C). In the following, We
use the following notation [2]:

a Es h )

sal aa [0 5

¢ No’ n 1-9’ n

where for the sake of clear writing we denote the average spectrum of the ensemble by A;. We now
state the main result of this paper.

Theorem 1. (The error exponent of the AHP and the ITSB bounds coincide with the
error exponent of the TSB) The upper bounds ITSB, AHP and the TSB have the same error
exponent, which is

— ; } _ —2r(9) ’YAQC
E(e) = Jnin, {2 In (1 v+ e ) + 1Az (50)
where
= (5)31—_5 L+(1+c)2—1—(1+c) (51)
TEE S co(0)
and 1.5
A (1 _e 22— Y
co(9) (1 e ) 55 (52)

Proof. The exponential version of ¢(C) in (48) is identical to the error exponent of the TSB (see
Appendices A.1 and A.2). Since 1(C) does not exceed the AHP and the ITSB, this implies that the
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error exponents of the AHP and the ITSB are not larger than the error exponent of the TSB. On
the other hand, from Lemmas 1 and 2 it follows that asymptotically, both the AHP and the ITSB
are at least as tight as the TSB, so their error exponents are at least as large as the error exponent
of the TSB. Combining these results we obtain that the error exponent of the ITSB, AHP and the
TSB are all identical. In [2], Divsalar shows that the error exponent of the TSB is determined by
(50)—(52), which concludes the proof of the theorem. O

Remark 1. The bound on the bit error probability in [15] is exactly the same as the TSB on the
block error probability by Poltyrev [13], except that the average distance spectrum {Ap} of the
ensemble is now replaced by the sequence {A}} where

%Z%(%)Aw,h, helo,...,n}

and A, , denotes the average number of codewords encoded by information bits of Hamming weight
w and having a Hamming weight (after encoding) which is equal to h. Since A; = ZZEO Aw s
then

Ap,

The last inequality therefore implies that the replacement of the distance spectrum {Ay} by {4} }
(for the analysis of the bit error probability) does not affect the asymptotic growth rate of r(9)
where § £ %, and hence, the error exponents of the TSB on the block and bit error probabilities
coincide.

Remark 2. In [24], Zangl and Herzog suggest a modification of the TSB on the bit error probability.
Their basic idea is tightening the bound on the bit error probability when the received vector y
falls outside the cone R in the RHS of (3) (see Fig. 1). In the derivation of the version of the
TSB on the bit error probability, as suggested by Sason and Shamai [15], the conditional bit error
probability in this case was upper bounded by 1, where Zangl and Herzog [24] refine the bound and
provide a tighter bound on the conditional bit error probability when the vector y falls in the bad
region (i.e., when it is outside the cone in Fig. 1). Though this modification tightens the bound on
the bit error probability at low SNR (as exemplified in [24] for some short linear block codes), it has
no effect on the error exponent. The reason is simply because the conditional bit error probability
in this case cannot be below % (i.e., one over the dimension of the code), so the bound should still
possess the same error exponent. This shows that the error exponent of the TSB versions on the
bit error probability, as suggested in [15] and [24], coincide.

Corollary 2. The error exponents of the T'SB on the bit error probability coincides with the error
exponent of the T'SB on the block error probability. Moreover, the error exponents of the TSB on
the bit error probability, as suggested by Sason and Shamai [15] and refined by Zangl and Herzog
[24], coincide. The common value of these error exponents is explicitly given in Theorem 1.
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4 Summary and Conclusions

The tangential-sphere bound (TSB) of Poltyrev [13] often happens to be the tightest upper bound
on the ML decoding error probability of block codes whose transmission takes place over a binary-
input AWGN channel. However, in the random coding setting, it fails to reproduce the random
coding exponent [7] while the second version of the Duman and Salehi (DS2) bound does [5, 16].
The larger is the code rate, the more significant becomes the gap between the error exponent of
the TSB and the random coding error exponent of Gallager [7] (see Fig. 3 in p. 26, and the plots in
[13, Figs. 2—4]). In this respect, we note that the expression for the error exponent of the TSB, as
derived by Divsalar [2], is significantly easier for numerical calculations than the original expression
of this error exponent which was provided by Poltyrev [13, Theorem 2].

In this paper, we consider some recently introduced performance bounds which suggest an
improvement over the TSB. These bounds rely solely on the distance spectrum of the code (or their
input-output weight enumerators for the analysis of the bit error probability). We study the error
exponents of these recently introduced bounding techniques. This work forms a direct continuation
to the derivation of these bounds by Yousefi et al. [19, 20, 21] who also exemplified their superiority
over the T'SB for short binary linear block codes.

Putting the results reported by Divsalar [2] with the main result in this paper (see Theorem 1
in p. 14), we conclude that the error exponents of the simple bound of Divsalar [2], the first version
of Duman and Salehi bounds [4], the tangential-sphere bound of Poltyrev [13] and its improved
versions by Yousefi et al. [19, 20, 21] all coincide. Moreover, the error exponents of the TSB versions
for the bit error probability, as provided in [15, 24|, coincide and are equal to the error exponent
of the TSB for the block error probability. The explicit expression of this error exponent is given
in Theorem 1, and is identical to the expression derived by Divsalar [2] for his simple bound.

In a companion paper [18], new upper bounds on the block and bit error probabilities of linear
block codes are derived. These bounds improve the tightness of the Shulman and Feder bound [17]
and therefore also reproduce the random coding error exponent.
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Appendix

A.1 The exponent of ¢(C)

In the following, the exponential behavior of the RHS of (48) is obtained by using the Chernoff
bounding technique. Let us designate the normalized Gaussian noise vector by v, i.e., (v1,...,vp) =
N%)(zl, ..., %), and define = tan?@. From (4) and (42), the following equalities hold for BPSK
modulated signals:

r = +/nnk;
Ty, = /1 (\/2nc — V1)
h
Br(v1) = ( 2nc — Vl) —
L (V1,12) = Bulr) — pus vz (A1)
1= p%

Hence, we can rewrite (48) as

+ Pr (Zn: v:> T12,1> } (A.2)

At this point, we upper bound the RHS of (48) by the Chernoff bounds, namely, for three
random variables V, W and Z

Pr(V>0)<El[e!], p>0 (A.3)
Pr(W<0,V>0)<E[e""™], ¢<0,u>0 (A.4)
Pr(W <0,V >0,7>0)<E [etW“V““Z} L t<0,8>0,k>0. (A.5)

The Chernoff versions of the first and last terms in the RHS of (A.2) are introduced in [2,
Eqgs.(134)—(137)], and are given by



where 5 1
pnc

—In(1 — 2p). A.
[+ 5 (1 = 2p) (A8)

2gn + (1 — 29)/ 15
1+2gn+ (1 —29)y/ 125

Next, by invoking the Chernoff bound (A.5), we get an exponential upper bound on the second
term in the RHS of (48). Using the notation

El (Cap7 T,) =

and

1
E2(67 q, 57 77) =cC + 5 11’1(1 - 2Q) (Ag)

Cwh = (A.10)

h(n — w)

we get (see Appendix A.2 for details)

n
Ap Pr (Z v <rpva > Bu(n),vs > —lw,h(VhVQ))

1=2

S 1 _ 2t e_g(cvt7k7s7n7h7n)’ _i S t S 07 k Z 0’ S Z O (A.ll)
V 1+ 2ty 2n

where
2
4tnnc + 2\/% (s — \/icwp; ) Ap — Ai% (s _ \/’ijp; )
“Puw,h “Pw,h
g(c,t, k: 8,1, h‘a TL) £ 2(1 n 2t77)
2
(S _ kﬂh)
\/lfpfuh k2 n h
- e — —In(1 — 2t) — nr(— A12
2(1 - 2t) 5 o T2 —nr(C) (AL2)
and
h
A, 2 ,
h n—nh

The next step is to find optimal values for £ and s in order to maximize the function g. If k* =
then the exponent of 9 (C) is identical to that of the TSB. In order to find the optimal k£ > 0 and
s > 0 which maximize g, we consider the aforementioned probabilities by discussing separately the
three cases where h < w, h > w and h = w.

Case 1: h = w. In this case (5 = Cuw,w = 1, and we get

n
1-2¢
Ay Pr (Z VP <1l ve > Bu(vn), vs > —lww(, l/2)> <4/ 5 2tne—g(0,t,k,s,n,w,n) (A.13)

i=2
1

—— <t<0,k>0,8>0
2n
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where

1—p2

w,w

4tnnc + 2v/2nc (s — k > Ay — A2 (s — k

V 1_p2w,w

g(c,t,k‘,s,n,w,n) = 2(1+2t’)’])

k; 2
Pw,w
8 J—
< V 1_/)120,10) k2

_ - + 2 In(1 — 2t) — In(Ay).

2(1 —2t) 2(1—-2t) 2
Let us define the parameters
k
E=s-
1- p%u,w
kpuww
T=8— ———.
\/ 1- p%u,w
From (A.15) and (A.16), we get
E=—-(¢—-7)a
where
A 1+ Pw,w
a= [ ———
— Pw,w

Hence, the Chernoff bounding technique gives

n
1—-2¢
Pr (Z 1/12 < r,%l,ug > Buw(v1),v3 > —lyw(vi, yg)) <4/ T 2t776—91(c,t7£,m7,w,n)

i=2
L <t<0
2n = T
where
4t I IncEAN., — A2 £2
gile.t, &, hon) = nne + 2v2ncE A, 2¢
2(1 + 2tn)
2 N2,.2
_ T _ (5 7') (o] —&—ﬁln(l_Qt).

2(1—2t) 2(1—2t) 2
Maximizing the RHS of (A.19) w.r.t. 7 yields

o _ v (E-ma
or -2t 1-2t

. a*e*
=7 = oo

Notice that 2

92(0775’5,77,?117”) £ gl(c7t7€a 7—*7 77,10771)

dtnne + 2v/2neA € — A2 ¢2 1$12 £ n L)
2(1 + 2tn) 2(1—2t) 2
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n(1 — 2t).

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

827921 < 0, hence plugging 7* in (A.20) maximizes g;. Substituting 7* into (A.20) gives

(A.22)



A differentiation of go w.r.t. £ and an introduction of the new parameter ¢ £ HO‘_ZQ gives

092 V2nclAy — A2¢ €

¢ Ttom 1-a2t
e = V2nceA, (1 — 2t) (A.23)

A2 (1—2t)+e(1+2tn)

From (A.21), & — 7* > 0. Since « is non-negative, we get that k* in (A.17) is not-positive. But
since from (A.11), k > 0, this yields that the optimal value of k is equal to zero. From the Chernoff
bound in (A.5), an optimality of & when it is set to zero implies that asymptotically, as n — oo

Pr <Z v? < 7"31,1/2 > Buw(v1),v3 > —lyw(vi, 1/2)> =Pr (Z v? < 7“31, vy > ﬁw(yl)> . (A.24)

1=2 =2

Case 2: h > w. In this case, from (40) it is obvious that p,, ; = Z((::Z:g. Hence, for this case,
we get that py p = (. From (A.12)

2
4dtnnec + 2v/2nc | s — Mun ) A — A7 [ s— Fuwh
N N

2(1 4+ 2tn)

2
s — kC’w,h
V1-¢2 2

o(1l—20)  20—20) " gln(l —2t) - nr(%). (A.25)

g(c7t7k787777h7n) =

In the following, we introduce the parameters

L (A.26)
V1= Gn
T 2 L (A.27)

Optimization over 7 yields 7% = 0, so k* = 0, and asymptotically (as we let n tend to infinity),
one gets the following equality in terms of the exponential behaviors:

Pr (Z VZ-Q < 7“31,1/2 > Br(vi), v > =Ly p(v1, 1/2)> = Pr <Z 1/1»2 < 1“31, vy > ﬁh(l/l)> . (A.28)

i=2 i=2
Case 3: h < w. From (40), the values of h approve that p,, j = Z((:L:Z;, so we get from (A.10)
that pyn < Cu,p- Define
k
gag_ _Muh (A.29)
V31— pzzu,h
k
rhg SPwh (A.30)
1= p?u,h
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From (A.29) and (A.30)

k=—(&—-1)d
where
2
;o V 1- pw,h
o=
<w,h — Pw,h

(A.31)

(A.32)

Since in this case py,p < Cw,h, then o/ > 0. Similarly to the arguments in case 1, we get again that
the optimal value for k is k* = 0, which implies (A.28) in the limit where the block length tends to

infinity.

A.2 Derivation of the Chernoff Bound in (A.11) with the Function g in (A.12)

Using the Chernoff bound (A.5) and defining

Ay

we get

n
Pr ( V2 <1l v > (), vs > —ly s, V2)>
E

[et( =2 V¢2—T31)+S(l/2—5h(V1))+k(V3+lw,h(V1,Vz))} ’ t<0, s>0,

k>0

_,2
\/1 pw,h

Ay (V2ne—vy)—p,, pV
t( Y z/iQ—7](\/2nc—y1)2)+s(1/2—Ah(\/2nc—u1))+k (1/3—!— ( D—Push 2)

kAwvy+py pv2

\/1‘”12;1 h

=02

=E|e
[ tz?:Q Vf_tn’/f_%"nc'i‘?ntv 2ncry +8V2_5Ah\/%+5AhV1+kV3+ kAwV2nc
=E|e 102
k
© _ —tnvi+ <2nt\/2nc+sAh— kA“Q’ ) vy tv3+ (5— Pw,h ) vo
C " 2 \/lfp \/
=K etzlﬂlyl}E e wih E e

—2tnne—sApv/2nc+ Eowy2ne
E |:etl/32)+k?l/3i| e 17”121;,h

(A.33)

(A.34)

where inequality (a) follows from the Chernoff bound (A.5), equality (b) follows from (A.1), and
equality (c) follows from the statistical independence of the components of the normalized noise
vector v. For a zero-mean and unit-variance Gaussian random variable X, the following equality

holds:
b2
e2(1-20)

V1=2a’

E[eaX2+bX] = a < %, beR.
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Evaluating each term in (A.34) with the equality in (A.35), and substituting

Ay
Cooh = A (A.36)
which follows from (A.10) and (A.33), then gives
s ) 1 n—3
]E[t izﬂ}: , t<0 A.37
¢ (m) - 30
2
_ _ k<w,h
—t2+ (2171&\/2710+5Ah\/1kA“21) v . (2nt\/%+Ah (s \/lpi,h>)
]-E e _pw,h - ¢ 2(1+2tn) (ASS)
1+ 2tn
- 2
- k w
t2+| s— FPw.h Vo ( \/lipéh )
E le ? \/1*93],;;, _ 1 62<1f;>’h E>0.5>0 (A.39)
R T '
S ﬁ eI, 1<0, k>0, (A.40)

From (A.38), straightforward algebra gives

—tnui+ | 2ntv/2nctsAp— kAw )y, —2tnnc—sAp/2nc+ EAwy2ne
17102 1*/)2
E e w,h e w,h

2
—4tnne — 2\/% (s — \/kaZ> Ay + A}QL (S o ];Cw,h )

_ 1 1=p%.n \/ P (A 41)
NiE A 2(1 + 2tn) i

Plugging (A.37) and (A.39)-(A.41) into (A.34) finally gives

n
Ap Pr (Z vi <rpve > Br(n),vs > _lw,h(VLVQ))

1=2

2 2
—4tnnc—2v2nc| s— Fw,h Ah+A2 s— Fw,h s— WTH)
n—1 \/1*/32 g \/1702 \/17132
Ah < 1 ) w,h w,h w,h k2
(&

< \/1 57 \/1 5 2(1+2tn) + 2(1-2¢t) +2(1—2t)
N + 2in —2t

— ./ 1-2 e~ 9tk smhn) t<0,k>0,5>0 (A.42)
1+ 2ty

which proves the Chernoff bound in (A.11) with the function g introduced in (A.12).
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A.3 Monotonicity w.r.t. the Correlation Coefficient

Consider the probabilities Pr(Eo—;, E§_,;,y € Cn(f)|21), and denote the Hamming weights of c;
and c; by d; and dj, respectively. In [21], it is shown that as long as d; > d;, the probabilities
Pr(Eo—i, EG_,;,y € Cn(0)|21) are monotonically decreasing functions of the correlation coefficients
p between the planes (o0, sg,s;) and (o0,sg,s;). Hence, the complex optimization problem in (24) is
simplified by choosing the first error event as well as the complementary error events in the RHS of
(24) to correspond to a codeword with Hamming weight dpin, and (25) is obtained. Here we prove,
that the aforementioned probabilities are monotonically decreasing functions of the correlation
coefficients for any choice of 7, j. As a consequence, one can obtain a version of the ITSB by setting
in (24) m; = A\; = w where w € {dmin, - - - , dmax }, and choosing the optimal w which minimizes the
resulting upper bound. In order to prove this, we follow the steps in [21, Appendix I] where it is
shown that the above probabilities are monotonically decreasing functions of p if

_2 s (A.43)
Z1

Bj(z1)

Note that the joint event (Ep—;, y € Cp(0)) implies that the noise component z is in the range
between 3;(z1) and 7,, (see Fig. 1 in p. 4), so the minimum value of the RHS of (A.43) is

Bi(z1) _  [di(n —d;)
Bj(z1) dj(n —d;)’

Clearly,
di(n —d;) _ min(d;, dj)[n — max(d;, d;)]
dj(n — dl) \/dzd](n — dz)(n - dj)
but from (34), it is evident that the RHS of (A.44) is the maximal value of p, thus, condition (A.43)
is always satisfied referring to the joint event (Ey_;, y € Cp,(6)).

(A.44)
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Figure 2: (a): sq is the transmitted vector, z; is the radial noise component, z; and z5 are two (not
necessarily orthogonal) noise components, which are perpendicular to z1, and lie on planes P; and
P, respectively. The doted and dashed areas are the regions where E; and E]C occur, respectively.
(b): A cross-section of the geometry in (a).
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Figure 3: Comparison between the error exponents for random block codes which are based on
the union bound (UB), the tangential-sphere bound (TSB) of Poltyrev [13] (which according to
Theorem 1 is identical to the error exponents of the ITSB and the AHP bounds), and the random
coding bound (RCE) of Gallager [7]. The upper and lower plots refer to code rates of 0.5 and
0.9 bits per channel use, respectively. The error exponents are plotted versus the reciprocal of the
energy per bit to the one-sided spectral noise density.
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