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Abstract—For the additive white Gaussian noise channel
with average codeword power constraint, sparse superposition
codes provide codewords as linear combinations of subsets of
vectors from a given dictionary. Both encoding and decoding
are computationally feasible. An adaptive successive decoder is
developed, with which communication is shown to be reliable
with error probability exponentially small for all rates below the
Shannon capacity.

I. INTRODUCTION

The additive white Gaussian noise channel is basic to Shan-
non theory and underlies practical communication models.
Sparse superposition codes for this channel are analyzed.
Theory and practice are linked by devising fast coding and
decoding algorithms and by showing sparse superposition
codes from moderate size dictionaries with these algorithms
achieve nearly exponentially small error probability for any
communication rate below the Shannon capacity. A companion
paper [10] gives reliability bounds for optimal least squares
(minimum distance) decoding, whereas the present work
provides comparable bounds for fast decoding algorithms.
The strategy and its analysis merges modern perspectives on
information theory and term selection in statistical regression.

In the familiar communication set-up, an encoder is to
map input bit strings u = (uy,us,...,ur) of length K
into codewords which are length n strings of real numbers
¢1,¢2,. .. ,C, of norm expressed via the power (1/n) 7", 2.
The average of the power across the 2% codewords is to be
not more than P. The channel adds independent N (0,02)
noise to the codeword yielding a received length n string Y. A
decoder is to map it into an estimate @ desired to be a correct
decoding of u. Block error is the event 4 # w. When the
input string is partitioned into sections, the section error rate
is the fraction of sections not correctly decoded. The reliability
requirement is that, with sufficiently large n, the section error
rate is small with high probability or, more stringently, the
block error probability is small, averaged over input strings
u as well as the distribution of Y. The communication rate
R = K/n is the ratio of the number of message bits to the
number of uses of the channel required to communicate them.

The supremum of reliable rates of communication is the
channel capacity C = (1/2)logy(1+ P/o?), by traditional
information theory as in [63], [23]. This problem is also of
interest in mathematics because of relationship to versions of
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the sphere packing problem as described in [20]. For practical
coding the challenge is to achieve arbitrary rates below the
capacity, while guaranteeing reliable decoding in manageable
computation time.

In a communication system operating at rate R, the input
bit strings arise from input sequences ui,us,... cut into
successive K bit strings, each of which is encoded and sent,
leading to a succession of received length n strings Y. The
reliability aim that the block error probability be exponentially
small is such that errors are unlikely over long time spans. The
computational aim is that coding and decoding computations
proceed on the fly, rapidly, with the decoder having not too
many pipelined computational units, so that there is only
moderate delay in the system.

The development here is specific to the discrete-time chan-
nel for which Y; = ¢; +¢; for ¢ = 1,2,...,n with real-
valued inputs and outputs and with independent Gaussian
noise. Standard communication models, even in continuous-
time, have been reduced to this discrete-time white Gaussian
noise setting, or to parallel uses of such, when there is a
frequency band constraint for signal modulation and when
there is a specified spectrum of noise over that frequency
band, as in [39], [36]. Solution to the coding problem, when
married to appropriate modulation schemes, is regarded as
relevant to myriad settings involving transmission over wires
or cables for internet, television, or telephone communications
or in wireless radio, TV, phone, satellite or other space
communications.

Previous standard approaches, as discussed in [36], entail
a decomposition into separate problems of modulation, of
shaping of a signal constellation, and of coding. As they
point out, though there are practical schemes with empirically
good performance (including LDPC and Turbo codes), theory
for practical schemes achieving capacity is lacking. In our
approach, shaping is built directly into the superposition code
design. With the decoder we develop, it amenable to the
desired analysis, providing the first theory establishing that
a practical scheme is reliable at rates approaching capacity
for the Gaussian channel.

A. Sparse superposition codes:

The framework for superposition codes is the formation of
specific forms of linear combinations of a given set of vectors.
We have a list (or book) X7, X5, ..., Xy of vectors, each with
n coordinates, for which the codeword vectors take the form
of superpositions

1 X1+ BeXo+ ...+ O XN.



The vectors X; provide the terms or components of the
codewords with coefficients 3;. By design, each entry of these
vectors X; is independent standard normal and the sum of
squares of the coefficients matches the power requirement P.
The choice of codeword is conveyed through the coefficients,
in particular through the subset of terms for which the coef-
ficient is non-zero. The received vector is in accordance with
the statistical linear model

Y =X0+c¢,

where X is the matrix whose columns are the vectors
X1,Xo,..., Xy and € is the noise vector with distribution
N(0, 021). The book X is called the design matrix consisting
of p = N variables, each with n observations, and this list of
variables is also called the dictionary of candidate terms.

For subset superposition coding a subset of terms is ar-
ranged, which we call sent, with L coefficients non-zero, with
specified values. The message is conveyed by the choice of the
subset. Denote B = N/L to be the ratio of dictionary size to
the number of terms sent. When B is large, it is a sparse
superposition code, in which the number of terms sent is a
small fraction L/N = 1/B of the dictionary size.

Organization of the encoder and decoder is simplified by
focussing on what we call a partitioned superposition code.
The book X is split into L sections of size B, with one
term selected from each, yielding L terms in each codeword.
Likewise, the coefficient vector (3 is split into sections, with
one coordinate non-zero in each section to indicate the selected
term.

As discussed further below, partitioned superposition codes
began in work on the capacity region of multi-user Gaussian
channels [22], [30]. The L terms of our single-user code
correspond via rate-splitting to the superimposed codewords
of L messages in that multi-user theory. We are indebted
to several ideas that arise from that work, including the
particular variable power allocation and successive decoding
which is a forerunner of our adaptive successive decoder.
Sparse superposition models have long been used in the fields
of statistical modeling, sparse signal recovery and compressed
sensing. Some work adapting compressed sensing models to
communications for the Gaussian channel is in [67], with a
number of subsequent developments we shall discuss. Never-
theless, practical schemes with analysis proving rates up to
capacity with exponentially small error probability have not
previously been developed for the Gaussian channel.

For sparse superposition codes with a specified number L
of terms selected, the set of permitted coefficient vectors (3
is not an algebraic field, that is, it is not closed under linear
operations. In particular, summing two coefficient vectors with
distinct sets of L non-zero entries does not yield another such
coefficient vector. Hence our linear statistical model does not
correspond to a linear code in the sense of traditional algebraic
coding.

In the codes considered here, it is known in advance to the
encoder and decoder what will be the coefficient magnitude if
a term is sent. In the simplest case, the values of the non-
zero coefficients are the same, with §; = \/P/L1j sens.
Optionally, the non-zero coefficient values could be +1 or —1

times specified magnitudes, in which case the superposition
code is said to be signed and then the message would conveyed
by the sequence of signs as well as the choice of subset. For
simplicity we focus in this paper on the unsigned case in which
B; is non-negative.

Partitioning allows for variable power allocation, in which
B = \/]73 1j sent With P; equal to a prescribed value Py for
j in section ¢, where 3} Py = P. Thus > sent P = P, no
matter which term is selected from each section. Set weights
Ty = Pey/ P also denoted 7; = P;/ P for j in section £. For
any set of terms, its size induced by the weights is defined as
the sum of the m; for j in that set. We study both the case
of constant power allocation and the case that the power is
proportional to e=2€%/L for sections ¢ = 1,2,..., L. These
variable power allocations are used in getting the rate up to
capacity.

Most convenient with partitioned codes is the case that the
section size B is a power of two. Then an input bit string u
of length K = Llog, B splits into L substrings of size log, B
and the encoder becomes trivial. Each substring of u gives
the index (or memory address) of the term to be sent from
the corresponding section. This makes the encoding especially
straightforward. In contrast, for general subset coding, map-
ping from an input bit string u of length K = log () into a
selection of a size L subset out of N is possible, though not
so direct.

As we have said, the rate of the code is R = K/n input
bits per channel uses and we arrange for arbitrary R less than
C. For the partitioned superposition code this rate is

Llog B

n

R =

Control of the section size B and the number of sections
L (and hence control of the dictionary size N = BL) is
critical to computationally advantageous coding and decoding.
If L were constant then for rate R, the section size would
exponentially large B = 2"%/L an ultra-sparse case, as arises
in the mentioned multi-user theory. In the extreme of L =1,
the design X is the whole single-user codebook, with its 27
columns as the codewords, but the exponential size makes its
direct use impractical. At the other extreme there would be
L =K = nR sections, each with B = 2 candidate terms in
subset coding or two signs of a single term in sign coding
with B =1; in which case X would be the generator matrix
of a linear code.

Between these extremes, the section size B is free to
be chosen, though typically sensible values for practice are
that it be of order n or a low-order polynomial in n. The
corresponding number of sections for a specified code rate is
then L = Rn/log B of order n/logn.

It is in this regime that we construct computationally fea-
sible, reliable, high-rate codes with codewords corresponding
to linear combinations of subsets of terms in moderate size
dictionaries, with fast decoding algorithms. For the decoder
we develop here, at a particular sequence of rates approaching
capacity, the error probability is shown to be exponentially
small in L/(log B)3/2.

For high rate, near capacity, we require B to be large



compared to (1+sn7)? and for high reliability we also require
L to be large compared to (1+snr)?, where snr = P/o? is
the signal to noise ratio.

We use a random design matrix. Entries of X are drawn
independently from a normal distribution with mean zero and
a variance 1 so that the codewords X 3 have a Gaussian shape
to their distribution and so that the codewords have average
power near P. Other distributions for the entries of X may
be considered, such as independent equiprobable +1, with a
near Gaussian shape for the codeword distribution obtained
by the convolutions associated with sums of terms in subsets
of size L. Certain other structured designs have been studied
in the signal recovery literature, as we shall discuss, but it
remains open whether such can achieve rates up to capacity
with analogous control of error probability.

There is some freedom in the choice of scale of the
coefficients. Here we arrange the coordinates of the X; to
have variance 1 and set the coefficients of § to have sum of
squares equal to P. Alternatively, the coefficient representation
may be simplified by arranging the coordinates of X; to be
normal with variance P; and setting the non-zero coefficients
of 3 to have magnitude 1. One may use whichever of these
scales is convenient to an argument at hand.

B. Summary of findings:

We describe and analyze a fast sparse superposition decoder
by a scheme we call adaptive successive decoding.

For computation, it is shown that with a total number of
simple parallel processors (multiplier-accumulators) of order
n B, and total memory work space of size n2 B, it runs in a
constant time per received symbol of the string Y.

For the communication rate, there are two cases. First, when
the power of the terms sent are the same at P/L in each
section, the decoder is shown to reliably achieves rates up to
arate Ry = (1/2)P/(P+0c?) which is less than capacity. It is
close to the capacity when the signal-to-noise ratio is low. It
is a deficiency of constant power allocation with our scheme
that its rate will be substantially less than the capacity if the
signal-to-noise is not low.

To bring the rate higher, up to capacity, we use variable
power allocation with power Py proportional to e~2¢4/L,
for sections ¢ from 1 to L, with improvements from a slight
modification of this power allocation for ¢/L near 1.

To summarize what is achieved concerning the rate, for each
B > 2, there is a positive communication rate Cp that our
decoder achieves with large L. This Cp depends on the section
size B as well as the signal to noise ratio snr = P/o?. It
approaches the Capacity C = (1/2) log(1+snr) as B increases,
albeit slowly. The relative drop from capacity

C—-Cp
= 76 5
is accurately bounded, except for extremes of small and large
snr, by an expression near

Ap

(1.5+1/v)loglog B
log B ’

where v = snr/(1+ snr), with other bounds given to
encompass accurately also the small and large snr cases.

Concerning reliability, a positive error exponent function
E(Cp — R) is provided for R < Cp. It is of the order
(Cs — R)*>\/log B for rates R near Cp. The sparse super-
position code reliably makes not more than a small fraction
of section mistakes. Combined with an outer Reed-Solomon
code to correct that small fraction of section mistakes the
result is a code with block error probability bounded by an
expression exponentially small in L £(Cg— R)+/log B, which
is exponentially small in n&(Cg — R)/+/log B. For a range
of rates R not far from Cp, this error exponent is within a
v/log B factor of the optimum reliability exponent.

C. Decoding sparse superposition codes:

Optimal decoding for minimal average probability of er-
ror consists of finding the codeword X3 with coefficient
vector § of the assumed form that maximizes the posterior
probability, conditioning on X and Y (sometimes called the
MAP estimator). This coincides, in the case of equal prior
probabilities, with the maximum likelihood rule of seeking
such a codeword to minimize the sum of squared errors in fit
to Y. This is a constrained least squares regression problem
ming ||Y—X 3||?, with the constraint on the coefficient vector
that it correspond to a codeword (also called minimum distance
decoding). There is the concern that this exact least squares
decoding is computationally impractical. Performance bounds
for the optimal decoder are developed in the companion paper
[10], achieving rates up to capacity in the constant power
allocation case. Instead, here we develop a practical decoder
for which we can still establish desired reliability and rate
approaching capacity in the variable power allocation case.

The basic step of the decoder is to compute for a given
vector, initially the received string Y, its inner product with
each of the terms in the dictionary, as test statistics, and see
which of these inner products are above a threshold. Such a
set of inner products for a step of the decoder is performed
in parallel by a computational unit, e.g. a signal-processing
chip with N = LB parallel accumulators, each of which has
pipelined computation, so that the inner product is updated as
the elements of the string arrive.

In this basic step, the terms that it decodes are among those
for which the test statistic is above threshold. The step either
selects all the terms with inner product above threshold, or
a portion of these with specified total weight. Having inner
product XjTY above a threshold 7' = ||Y'||7 corresponds to
having normalized inner product XJ-TY/ |IY']| above a threshold
T set to be of the form

T = +/2log B + a,

where the logarithm is taken using base e. This threshold may
also be expressed as \/2log B (149,) with 6, = a/v/2log B.
The a is a positive value, free to be specified, that impacts
the behavior of the algorithm by controlling the fraction
of terms above threshold each step. We find that an ideal
value of a is moderately small, corresponding to J, near
0.75(loglog B)/log B, plus log(1l+ snr)/log B when snr



is not small. We find that 20, near 1.5loglog B/ log B plus
4C/log B constitutes a large part of the above mentioned rate
drop Ap.

Having the threshold larger than +/2log B implies that the
fraction of incorrect terms above threshold is negligible. Yet
it also means that only a moderate fraction of correct terms
are found to be above threshold each step.

A fit is formed at the end of each step by adding the terms
that were selected. Additional steps are used to bring the total
fraction decoded up near 1.

Each subsequent step of the decoder computes updated test
statistics, taking inner products of the remaining terms with
a vector determined using Y and the previous fit, and sees
which are above threshold. For fastest operation these updates
are performed on additional computational units so as to allow
pipelined decoding of a succession of received strings. The
test statistic can be the inner product of the terms X; with
the vector of residuals equal to the difference of Y and the
previous fit. As will be explained, we find a variant of this
statistic to be somewhat simpler to analyze.

A key feature is that the decoding algorithm does not pre-
specify which sections of terms will be decoded on any one
step. Rather it adapts the choice in accordance with which
sections have a term with an inner product observed to be
above threshold. Thus one may call our class of procedures
adaptive successive decoding.

Concerning the advantages of variable power in the parti-
tioned code case, which allows our scheme to achieve rates
near capacity, the idea is that the power allocations propor-
tional to e 2¢¢/L give some favoring to the decoding of the
higher power sections among those that remain each step. This
produces more statistical power for the test initially as well as
retaining enough discrimination power for subsequent steps.

As we review, such power allocation also would arise if
one were attempting to successively decode one section at
a time, with the signal contributions of as yet un-decoded
sections treated as noise, in a way that splits the rate C into
L pieces each of size C/L; however, such pre-specification
of one section to decode each step would require the section
sizes to be exponentially large to achieve desired reliability.
In contrast, in our adaptive scheme, many of the sections are
considered each step. The power allocations do not change
too much across many nearby sections, so that a sufficient
distribution of decodings can occur each step.

For rate near capacity, it helpful to use a modified power
allocation, with power proportional to max{e’zce%,ucut},
where Ugy; = 6*2‘3(1 + 56) with a small non-negative value
of d.. Thus wuc, can be slightly larger than e~2C. This
modification performs a slight leveling of the power allocation
for £/ L near 1. It helps ensure that, even in the end game, there
will be sections for which the true terms are expected to have
inner product above threshold.

Analysis of empirical bounds on the proportions of correct
detections involves events shown to be nearly independent
across the L sections. The probability with which such propor-
tions differ much from what is expected is exponentially small
in the number of sections L. In the case of variable power
allocation we work with weighted proportions of events, which
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Fig. 1. Plot of the function gz, (z). The dots indicate the sequence qlfi}g for
the 16 steps. Here B = 2167 snr =7, R =0.74 and L taken to be equal
to B. The height reached by the gz, (z) curve at the final step corresponds to
a weighted correct detection rate target of 0.993, un-weighted 0.986, for a
failed detection rate target of 0.014. The accumulated false alarm rate bound
is 0.008. The probability of mistake rates larger than these targets is bounded
by 4.8 x 1074,

are sums across the terms of indicators of events multiplied
by the weights provided by m; = P;/P. With bounded ratio
of maximum to minimum power across the sections, such
weighted proportions agree with un-weighted proportions to
within constant factors. Moreover, for indicators of indepen-
dent events, weighted proportions have similar exponential tail
bounds, except that in the exponent, in place of L we have
L, =1/ max; 7j, which is approximately a constant multiple
of L for the designs investigated here.

D. An Update Function:

A key ingredient of this work is the determination of a
function gy, : [0, 1] — [0, 1], called the update function, which
depends on the design parameters (the power allocation and
the parameters L, B and R) as well as the snr. This function
gr(x) determines the likely performance of successive steps
of the algorithm. Also, for a variant of the residual-based
test statistics, it is used to set weights of combination that
determine the best updates of test statistics.

Let §;°* denote the weighted proportion correctly decoded
after k steps. A sequence of deterministic values ¢ is
exhibited such that ¢;°* is likely to exceed q; each step.
The g1 is near the value gr(gix—1) given by the update
function, provided the false alarm rate is maintained small.
Indeed, an adjusted value qidlg is arranged to be not much less

than gr, (q‘ffl,z_l) where the ‘adj’ in the superscript denotes an
adjustment to g j to account for false alarms.

Determination of whether a particular choice of design
parameters provides a total fraction of correct detections
approaching 1 reduces to verification that this function gy, (z)
remains strictly above the line y = x for some interval of



the form [0, z*] with z* near 1. The successive values of the
gap g (.’Lk) — T at xp = q‘ffi,g_l control the error exponents
as well as the size of the improvement in the detection rate
and the number of steps of the algorithm. The final weighted
fraction of failed detections is controlled by 1 — g (z*).

The role of gy, is shown in Fig 1. Provision of gy (z) and
the computation of its iterates provides a computational devise
by which a proposed scheme is checked for its capabilities.

An equally important use of gr(z) is analytical analysis
of the extent of positivity of the gap gr(x) — = depending
on the design parameters. For any power allocation there
will be a largest rate R at which the gap remains positive
over most of the interval [0, 1] for sufficient size L and B.
Power allocations with Py proportional to e/ or slight
modifications thereof, are shown to be the form required for
the gap gz (x) — x to have such positivity for rates R near C.

Analytical examination of the update function shows, for
large L, how the choice of the rate R controls both the size of
the shortfall 1—x* and the minimum size of the gap g1 (z) —x
for 0 < z < z*, as functions of B and snr. Thereby bounds
are obtained on the mistake rate, the error exponent, and the
maximal rate for which the method produces high reliability.

To summarize, with the adaptive successive decoder and
suitable power allocation, for rates approaching capacity, the
update function stays sufficiently above x over most of [0, 1]
and, consequently, the decoder has a high chance of not more
than a small fraction of section mistakes.

E. Accounting of section mistakes:

Ideally, the decoder selects one term from each section,
producing an output which is the index of the selected term.
It is not in error when the term selected matches the one sent.

In a section a mistake occurs from an incorrect term above
threshold (a false alarm) or from failure of the correct term
to provide a statistic value above threshold after a suitable
number of steps (a failed detection). We let (imis refer to the
failed detection rate plus the false alarm rate, that is, the sum
of the fraction of section with failed detections and the fraction
of sections with false alarms. This sum from the two sources of
mistake is at least the fraction of section mistakes, recognizing
that both types can occur. Our technique controls this Ormis by
providing a small bound §,,;5 that holds with high probability.

A section mistake is counted as an error if it arises from
a single incorrectly selected term. It is an erasure if no term
is selected or more than one term is selected. The distinction
is that a section error is a mistake you don’t know you made
and a section erasure is one you known you made. Let Se,«mr
be the fraction of section errors and Semse be the fraction of
section erasures. In each section one sees that the associated
indicators of events satisfy the property that 1..qse+2 lepror 18
not more than 1y4iied detection + 1 faise alarm- This is because
an error event requires both a failed detection and a false
alarm. Accordingly 25ewor + Serase is not more than Smis,
the failed detection rate plus the false alarm rate.

FE. An outer code:

An issue with this superposition scheme is that candidate
subsets of terms sent could differ from each other in only a

few sections. When that is so, the subsets could be difficult to
distinguish, so that it would be natural to expect a few section
mistakes.

An approach is discussed which completes the task of
identifying the terms by arranging sufficient distance between
the subsets, using composition with an outer Reed-Solomon
(RS) code of rate near one. The alphabet of the Reed-Solomon
code is chosen to be a set of size B, a power of 2. Indeed
we arrange the RS symbols to correspond to the indices of
the selected terms in each section. Details are given in a later
section. Suppose the likely event Smis < Omis holds from the
output of the inner superposition code. Then the outer Reed-
Solomon corrects the small fraction of remaining mistakes so
that we end up not only with small section mistake rate but
also with small block error probability. If R,yer = 1 — 6
is the communication rate of an RS code, with 0 < § < 1,
then the section errors and erasures can be corrected, provided

Furthermore, if R;,,,., 1s the rate associated with our inner
(superposition) code, then the total rate after correcting for the
remaining mistakes is given by Riotai = Rinner Router, Using
0 = Omis. Moreover, if Aj,ner is the relative rate drop from
capacity of the inner code, then the relative rate drop of the
composite code Ayyq; is not more than 8,55 + Ajpner-

The end result, using our theory for the distribution of
the fraction of mistakes of the superposition code, is that
for suitable rate up to a value near capacity the block error
probability is exponentially small.

One may regard the composite code as a superposition
code in which the subsets are forced to maintain at least a
certain minimal separation, so that decoding to within a certain
distance from the true subset implies exact decoding.

Performance of the sparse superposition code is measured
by the three fundamentals of computation, rate, and reliability.

G. Computational resource:

The main computation required of each step of the decoder
is the computation of the inner products of the residual vectors
with each column of the dictionary. Or one has computation
of related statistics which require the same order of resource.
For simplicity in this subsection we describe the case in which
one works with the residuals and accepts each term above
threshold. The inner products requires order nLB multiply-
and-adds each step, yielding a total computation of order
nLBm for m steps. As we shall see the ideal number of steps
m according to our bounds is not more than 2 + snrlog B.

When there is a stream of strings Y arriving in succession
at the decoder, it is natural to organize the computations in
a parallel and pipelined fashion as follows. One allocates m
signal processing chips, each configured nearly identically, to
do the inner products. One such chip does the inner products
with Y, a second chip does the inner products with the
residuals from the preceding received string, and so on, up
to chip m which is working on the final decoding step from
the string received several steps before.

Each signal processing chip has in parallel a number of
simple processors, each consisting of a multiplier and an



accumulator, one for each stored column of the dictionary
under consideration, with capability to provide pipelined ac-
cumulation of the required sum of products. This permits the
collection of inner products to be computed online as the
coordinates of the vectors are received. After an initial delay
of m received strings, all m chips are working simultaneously.

Moreover, for each chip there is a collection of simple
comparators, which compare the computed inner products to
the threshold and store, for each column, a flag of whether it
is to be part of the update. Sums of the associated columns
are computed in updating the residuals (or related vectors) for
the next step. The entries of that simple computation (sums
of up to L values) are to be provided for the next chip before
processing the entries of the next received vector. If need
be, to keep the runtime at a constant per received symbol,
one arranges 2m chips, alternating between inner product
chips and subset sum chips, each working simultaneously, but
on strings received up to 2m steps before. The runtime per
received entry in the string Y is controlled by the time required
to load such an entry (or counterpart residuals on the additional
chips) at each processor on the chip and perform in parallel the
multiplication by the associated dictionary entries with result
accumulated for the formation of the inner products.

The terminology signal processing chip refers to compu-
tational units that run in parallel to perform the indicated
tasks. Whether one or more of these computational units fit
on the same physical computer chip depends on the size of
the code dictionary and the current scale of circuit integration
technology, which is an implementation matter not a concern
at the present level of decoder description.

If each of the signal processing chips keeps a local copy of
the dictionary X, alleviating the challenge of numerous simul-
taneous memory calls, the total computational space (memory
positions) involved in the decoder is nL Bm, along with space
for LBm multiplier-accumulators, to achieve constant order
computation time per received symbol. Naturally, there is the
alternative of increased computation time with less space;
indeed, decoding by serial computation would have runtime
of order nLBm.

Substituting L = nR/log B and m of order log B we
may reexpress nLBm. One sees that the total computational
resource required (either space or time) is of order n?B for
this sparse superposition decoder. More precisely, to include
the effect of the snr on the computational resource, using the
number of steps m which arise in upcoming bounds, which
is within 2 of snrlog B, and using R upper bounded by
capacity C, we have the computational resource of nLBm
memory positions bounded by Csnr n? B, and a number LBm
of multiplier-adders bounded by Csnrn B.

In concert with the action of this decoder, the additional
computational resource of a Reed-Solomon decoder acts on
the indices of which term is flagged from each section to
provides correction of the few mistakes. The address of which
term is flagged in a section provides the corresponding symbol
for the RS decoder, with the understanding that if a section
has no term flagged or more than one term flagged it is
treated as an erasure. For this section, as the literature on RS
code computation is plentiful and yet undergoing continuing

development, we simply note that the computation resource
required is also bounded as a low order polynomial in the
size of the code.

H. Achieved rate:

This subsection discusses the nature of the rates achieved
with adaptive successive decoding. We achieve not only fixed
rates R < C, but also rates R up to Cp, for which the gap
from capacity is of the order near 1/log B.

Two approaches are provided for evaluation of how high
a rate R is achieved. For any L, B, snr, any specified error
probability and any small specified fraction of mistakes of the
inner code, numerical computation of the progression of gy, ()
permits a numerical evaluation of the largest R for which
gr(x) remains above z sufficiently to achieve the specified
objectives.

The second approach is to provide simplified bounds to
prove analytically that the achieved rate is close to capacity,
and exhibit the nature of the closeness to capacity as function
of snr and B. This is captured by the rate envelope Cp
and bounds on its relative rate drop Ap. Here we summarize
contributions to Ap, in a way that provides a partial blueprint
to later developments. Fuller explanation of the origins of these
contributions arise in these developments in later sections.

The update function gy, (x) is near a function g(x), with
difference bounded by a multiple of 1/L. Properties of this
function are used to produce a rate expression that ensures
that g(z) remains above x, enabling the successive decoding to
progress reliability. In the full rate expression we develop later,
there are quantities 7, h, and p that determine error exponents
multiplied by L. So for large enough L, these exponents can
be taken to be arbitrarily small. Setting those quantities to
the values for which these exponents would become 0, and
ignoring terms that are small in 1/L, provides simplification
giving rise to what we call the rate envelope denoted Cp.

With this rate envelope, for R < Cp, these tools enable us
to relate the exponent of reliability of the code to a positive
function of Cg— R times L, even for L finite.

There are two parts to the relative rate drop bound Ap,
which we write as Agpape PlUs Agiarm, With details on these
in later sections. Here let’s summarize these contributions to
express the form of our bound on Ap.

The second part denoted A4, is determined by optimiz-
ing a combination of rate drop contributions from 2,, plus
a term snr/(m—1) involving the number of steps m, plus
terms involving the accumulated false alarm rate. Using the
natural logarithm, this A4, is optimized at m equal to an
integer part of 2 4+ snr log B and an accumulated baseline
false alarm rate of 1/[(3C + 1/2)log B]. At this optimized
m and optimized false alarm rate, the value of the threshold
parameter J, is

_log [m snr(3 4 1/2C)\/log B/V4x
N 2log B
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At the optimized m, the J, is an increasing function of snr,
with value approaching 0.25log[(log B)/x]/log B for small
snr and value near
.75loglog B 4 2C — 0.251og(47/9)
log B

for moderately large snr. The constant subtracted in the
numerator 0.25log(47/9) is about 0.08. With ¢, thus set, it
determines the value of the threshold 7 = v/2log B(1+44,).

To obtain a small 2d,, and hence small Agjqrm, this bound
requires log B large compared to 4C, which implies that the
section size B is large compared to (1+snr)2.

The Agpape depends on the choice of the variable power
allocation rule, via the function g and its shape. For a specified
power allocation, it is determined by a minimal inner code
rate drop contribution at which the function has a non-negative
gap g(x) —x on [0, z*], plus the contribution to the outer code
rate drop associated with the weighted proportion not detected
0* = 1—g(z*). For our determination of Agpqpe, We examine
three cases for power allocation and, for each snr, pick the
one with the best such tradeoff, which includes determination
of the best z*. The result of this examination is a Agpgpe
which is a decreasing function of snr.

The first case has no leveling (§. = 0). In this case the
function g(x)—x is decreasing for suitable rates. Using an
optimized z* it provides a candidate Agpqpe equal to 1 /72
plus &¢/(7C), where &¢ is an explicitly given expression with
value near /2 log(C+1/2) for large C. If snr is not large, this
case does not accomplish our aims because the term involving
1/7, near 1/+/2log B, is not small enough for our purposes.
Yet with snr such that C is large compared to 7, this Agpgepe
is acceptable, providing a contribution to the rate drop near
the value 1/(2log B). Then the total rate drop is primarily
determined by Agjarm, yielding, for large snr, that Ap is
near

1.5loglog B +4C + 2.34
log B '
This case is useful for a range of snr, where C exceeds a
multiple of /log B yet remains small compared to log B.
The second case has some leveling with 0 < §. < snr. In
this case the typical shape of the function g(x)—z, for = in
[0, 1], is that it undergoes a single oscillation, first going down,
then increasing, and then decreasing again, so there are two
potential minima for x in [0, z*], one of which is at z*. In
solving for the best rate drop bound, a role is demonstrated
for the case that d,. is such that an equal gap value is reached
at these two minima. In this case, with optimized z*, a bound
on Agpape is shown, for a range of intermediate size signal to
noise ratios, to be given by the expression
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where v = snr/(1+snr). When 2C/v is small compared
to 7/v2m, this Aguape is near (1/v)(loglog B)/(log B).
When added to Agjqrm it provides an expression for Ap,
as previously given, that is near (1.5+1/v)loglog B/log B
plus terms that are small in comparison.

The above expression provides our Agpqpe as long as snr is
not too small and 2C/v is less than 7/+/27. For 2C/v at least

7/+/27, the effect of the loglog B is canceled, though there is
then an additional small remainder term that is required to be
added to the above as detailed later. The result is that Agpqpe
is less than const/log B for (2C/v)y/27 at least 7.

The third case uses constant power allocation (complete
leveling with d. = snr), when snr is small. The Agpqpe is
less than a given bound near \/2(loglog B)/log B when the
snr is less than twice that value. For such sufficiently small
snr this Agpape With complete leveling becomes superior to
the expression given above for partial leveling.

Accordingly, let Agpqpe be the best of these values from
the three cases, producing a continuous decreasing func-
tion of snr, near \/2(loglog B)/log B for small snr, near
(14 1/snr)loglog B/(log B) for intermediate snr, and near
1/21log B for large snr. Likewise, the Ap bound i8 Agpqpe +
Agiarm- In this way one has the dependence of the rate drop
on snr and section size B.

Thus we let Cp be the rate of the composite sparse superpo-
sition inner code and Reed-Solomon outer code obtained from
optimizing the total relative rate drop bound Ap.

Included in Agigrm and Agpgpe, Which sum to Ap, are
baseline values of the false alarm rates and the failed detection
rates, respectively, which add to provide a baseline value 6,
and, accordingly, our Ap splits as 9 .. plus Ap jnner, using
the relative rate drop of the inner code. As detailed later, this
07 s 1s typically small compared to the rate drop sources from
the inner code.

In putting the ingredients together, when R is less than Cp,
part of the difference Cp—R is used in providing slight increase
past the baseline to determine a reliable d,,,;5, and the rest of
the difference is used in setting the inner code rate to insure a
sufficiently positive gap g(x)— = for reliability of the decoding
progression. The relative choices are made to produce the best
resulting error exponent L £(Cp— R) for the given rate.

1. Comparison to optimal least squares:

It is appropriate to compare the rate achieved here by our
practical decoder with what is achieved with theoretically op-
timal, but possibly impractical, least squares decoding of these
sparse superposition codes, subject to the constraint that there
is one non-zero coefficients in each section. Such least squares
decoding provides the stochastically smallest distribution of
the number of mistakes, with a uniform distribution on the
possible messages, but it has an unknown computation time.

In this direction, the results in the companion paper [10], for
least squares decoding of superposition codes, partially com-
plement what we give here for our adaptive successive decoder.
For optimum least square decoding, favorable properties are
demonstrated, in the case that the power assignments P/L are
the same for each section. Interestingly, the analysis techniques
there are different and do not reveal rate improvement from
the use of variable instead of constant power with optimal
least squares decoding. Another difference is that while here
there are no restrictions on B, there it is required that B > LY
for a specified section size rate b depending only on the
signal-to-noise ratio, where conveniently b tends to 1 for large
signal-to-noise, but unfortunately b gets large for small snr.



For comparison with our scheme here, restrict attention to
moderate and large signal-to-noise ratios, as for computational
reasons, it is desirable that B be not more than a low order
polynomial in L.

Let A = (C— R)/C be the rate drop from capacity,
with R not more than C. It is shown in [10] that, for a
positive constant c;, the probability of more than a fraction
dmis of mistakes, with least squares decoding, is less than
exp{—nc; min{A2, §,,:}}, for any d,,,;5 in [0, 1], any positive
rate drop A and any size n. This bound is better than obtained
for our practical decoder in its freedom of any choice of
mistake fraction and rate drop in obtaining this reliability. In
particular, the result for least squares does not restrict A to be
larger than Ap and does not restrict d,,;s to be larger than a
baseline value of order 1/log B.

It shows that n only needs to be of size
[log(1/€)]/[c1 min{AZ2, §,,:5}] for least squares to achieve
probability € of at least a fraction §,,;s; mistakes, at rate that is
A close to capacity. With suitable target fractions of mistakes,
the drop from capacity A is not more than /(1/¢1n)log1/e.
It is of order 1/4/n if € is fixed; whereas, for € exponentially
small in n, the associated drop from capacity A would need
to be at least a constant amount.

An appropriate domain for comparison is in a regime
between the extremes of fixed probability € and a probability
exponentially small in n. The probability of error is made
nearly exponentially small if the rate is permitted to slowly
approach capacity. In particular, suppose B is equal to n or a
small order power of n. Pick A of order 1/log B to within
iterated log factors, arranged such that the rate drop A exceeds
the envelope A by an amount of that order 1/ log B. We can
ask, for a rate drop of that moderately small size, how would
the error probability of least squares and the practical method
compare? At a suitable mistake rate, the exponent of the error
probability of least squares would be quantified by n/(log B)?
of order n/(logn)?, neglecting loglog factors. Whereas, for
our practical decoder the exponent would be a constant times
L(A — Ap)?(log B)'/2, which is of order L/(log B)'°, that
is, n/(logn)?-. Thus the exponent for the practical decoder
is within a (logn)%® factor of what is obtained for optimal
least squares decoding.

J. Comparison to the optimal form of exponents:

It is natural to compare the rate, reliability, and code-size
tradeoff that is achieved here, by a practical scheme, with what
is known to be theoretically best possible. What is known
concerning the optimal probability of error, established by
Shannon and Gallager, as reviewed for instance in [58], and
recently refined in [3], is that the optimal probability of error
is exponentially small in an expression n £(R) which, for R
near C, matches nA2 to within a factor bounded by a constant,
where A = (C—R)/C. Per [3], this behavior of the exponent
remains valid for A down to the order remaining larger than
1/4/n. The reason for that restriction is that for A as small as
order 1/+/n, the optimal probability of error does not go to
zero with increasing block length (rather it is then governed
by an analogous expression involving the tail probability of
the Gaussian distribution, per [58]).

Our bounds for our practical decoder do not rely on
asymptotics, but rather finite sample bounds available for all
choices of L and B and inner code rates R < Cp, with
blocklength n = (Llog B)/R. Our overall error probability
bound is exponentially small in an expression of the form
L min {A, A?\/log B }, provided R is enough less than Cp
that the additional drop from Cp — R is of the same order
as the total drop A. Consequently, the error probability is
exponentially small in

) A A2
nmm{logB’ \/@}
Focussing on the A for which the square term is the minimizer,
it shows that the error probability is exponentially small in
n(C — R)?/+/log B, within a /log B factor of optimal, for
rates R for which Cg—R is of order between loglog B/ log B
and 1/+/log B.

An alternative perspective on the rate and reliability tradeoff
as in [58], is to set a small block error probability € and seek
the largest possible communication rate R,,; as a function of
the codelength. They show for n of at least moderate size, this
optimal rate is near

Ropr = C — \/\/Z\/ﬂogl/e,

for a constant V they identify, where if € is not small the
/2log1/e is to be replaced by the upper e quantile of the
standard normal. For small € this expression agrees with
the form of the relationship between error probability € and
the exponent n(C— R,pt)? stated above. The rates and error
probabilities we achieve with our practical decoder have a
similar form of relationship but differ in three respects. One
is that we have the somewhat smaller n/+/log B in place of
n, secondly our constant multipliers do not match the optimal
V', and thirdly our result is only applicable for € small enough
that the rate drop is made to be at least Ap.

From either of these perspectives, we see that to gain
provable practicality we pay the price of needing blocklength
larger by a factor of \/log B to have the same performance as
would be optimal without concern for practicality.

K. On the signal alphabet and shaping:

From the review [36], as we have said, the problem of prac-
tical communication for additive Gaussian noise channels, has
been decomposed into separate problems, which in addition to
modulation, include the matters of choice of signal alphabet,
of the shaping of a signal constellation, and of coding. Our
approach merges the signal alphabet and constellation into
the coding. The values of codeword symbols that arise in our
codes are those that can be realized via sums of columns of the
dictionary, one from each section in the partitioned case. Some
background on signalling facilitates discussion of relationship
to other work.

By choice of signal alphabet, codes for discrete channels
have been adapted to use on Gaussian channels, with varying
degrees of success. In the simplest case the code symbols take
on only two possible values, leading to a binary input channel,
by constraining the the symbol alphabet to allow only the



values ++/P and possibly using only the signs of the Y;. With
such binary signalling, the available capacity is not more than
1 and it is considerably less than (1/2)log(1+ snr), except
in the case of low signal-to-noise ratio. When considering
snr that is not small it is preferable to not restrict to binary
signalling, to allow higher rates of communication. When
using signals where each symbol has a number M of levels,
the rate caps at log M, which is achieved in the high snr limit
even without coding (simply infer for each symbol the level to
which the received Y; is closest). As quantified in Forney and
Ungerboeck [36], for moderate snr, treating the channel as a
discrete M-ary channel of particular cross-over probabilities
and considering associated error-correcting codes allows, in
theory, for reasonable performance provided log M sufficiently
exceeds log snr (and empirically good coding performance
has been realized by LDPC and turbo codes). Nevertheless, as
they discuss, the rate of such discrete channels remains less
than the capacity of the original Gaussian channel. Recent
quantification of how small is the gap between the capacity
and the mutual information of an M -symbol input distribution
is in [74] and [1].

To bring the rate up to capacity, the codeword choices
should form a properly shaped multivariate signal constella-
tion, that is, the codeword vectors should approximate a good
packing of points on the n—dimensional sphere of squared
radius dictated by the power. An implication of which is that,
marginally and jointly for any subset of codeword coordinates,
the set of codewords should have empirical distribution not far
from Gaussian. Such shaping is likewise a problem for which
theory dictates what is possible in terms of rate and reliability
[36], but theory has been lacking to demonstrate whether there
is a moderate or low complexity of decoding that achieves such
favorable rate and error probability.

Our sparse superposition code automatically takes care of
the required shaping by using linear combinations of subsets a
given set of real-valued Gaussian distributed vectors. For high
snr, in the role of log M being large compared to log snr
is in our case replaced by having L large and having log B
large compared to C. These sparse superposition codes are not
exactly well-spaced on the surface of an n—sphere, as inputs
that agree in most sections would have nearby codewords.
Nevertheless, when coupled with the Reed-Solomon outer
code, sufficient distance between codewords is achieved for
quantifiably high reliability.

L. Relationships to previous work:

We point out several directions of past work that connect to
what is developed here. There is some prior work concerning
computational feasibility for reliable communications near
capacity for certain channels.

In some cases, instead of fixing snr and considering rates
less than C = (1/2)log(1 + snr), the codes are equivalently
examined by fixing a target rate R, which would be capacity
for snr* = €2 — 1, and examining reliability for all snr at
least snr*.

Turbo codes, also called parallel permuted convolutional
codes, have empirically good performance [13], e.g., for rate
1/2 codes for snr not much above what would correspond

to capacity. Typically they have a signed binary input sets,
nevertheless, these codes are intended for additive noise chan-
nels such as Gaussian and the decoder makes use of the real-
valued received symbols in its iterations [42]. The presence of
some low weight codewords [57] is demonstrated to produce
a floor to the bit error probability that is an impediment to
the demonstration of reliability that will scale favorably with
increasing code-size n. Increasing the number of parallel codes
improves the minimum distance as shown in [43], nevertheless,
demonstration that the error probability is exponentially small
with n for all rates less than capacity (i.e. for all snr > snr*)
remains elusive, even for these moderate target rates. The fact
that current designs are for rate targets less than 1 need not
be an ultimate impediment as one can use the superposition
strategy and rate splitting to produce much higher rates of the
same fractional drop from capacity in high snr cases as hold
in low snr cases.

Building on Gallager’s low density parity check codes
[38], iterative decoding algorithms based on statistical belief
propagation in loopy networks have been empirically shown in
various works to provide reliable and moderately fast decoding
at rates near the capacity for various discrete channels, and
mathematically proven to provide such properties in the special
case of the binary erasure channel in [51], [52]. Theory for
expander codes for the binary symmetric channel is found in
[64], [75], [6], [7] including error exponents for reliability
at rates up to capacity in [6]. Error exponents for randomly
filled low density generator matrices is demonstrated in [48].
Though substantial steps have been made in the analysis of
belief networks (message passing algorithms), as summarized
for instance in [61], there is not mathematical proof of the
desired computational properties and reliability properties at
rates near capacity for the Gaussian channel.

An approach to reliable and computationally-feasible decod-
ing, originally restricted to binary signaling, is in the work on
channel polarization. Error probability is demonstrated there at
a level exponentially small in n'/? for fixed rates less than the
binary signaling capacity. In contrast for our scheme, the error
probability is exponentially small in n/(log B)%-® and hence
exponentially small in '~ for any € >0 and communication is
permitted at higher rates, approaching capacity for the Gaus-
sian noise channel. In recent work Abbe and Telatar [2] adapt
channel polarization to achieve the sum rate capacity for m
user binary input multiple-access channels, with specialization
to single-user channels with 2™ inputs. Subsequent to the
initial development of the methods of the present paper, Abbe
and one of us [1] have recently demonstrated discrete near-
Gaussian signalling that adapts channel polarization to the
Gaussian noise channel.

The analysis of concatenated codes in Forney [35] is an
important forerunner to the development of code composition
we give here. For the theory, he paired an outer Reed-Solomon
code with concatenation of optimal inner codes of Shannon-
Gallager type, while, for practice, he paired such an outer
Reed-Solomon code with binary inner codes based on linear
combinations of orthogonal terms (for target rates K /n less
than 1 such a basis is available), in which all binary coefficient
sequences are possible codewords. A refinement of the Forney



theory is in [6], using binary expander inner codes for the
binary symmetric channel paired with an outer Reed-Solomon
code.

A challenge concerning theoretically good inner codes is
that the number of messages searched is exponentially large
in the inner codelength. Forney made the inner codelength
of logarithmic size compared to the outer codelength as a
step toward practical solution. However, caution is required
with these strategies. If the rate of the inner code has a small
relative drop from capacity, A = (C—R)/C, then for moderate
reliability the inner codelength would need to be of order
at least 1/A2. So with these the required outer codelength
becomes exponential in 1/AZ2.

To compare, for the Gaussian noise channel, our approach
provides a practical decoding scheme for the inner code. We
permit use of inner and outer codelengths that are comparable
to each other. One can draw a parallel between the sections
of our code and the concatenations of Forney’s inner codes. A
key difference is our use of superposition across the sections
and the simultaneous decoding of these sections. Challenges
remain in the restrictiveness of the relationship of the rate
drop A to the section sizes. Nevertheless, particular rates are
identified as practical and near optimal.

Ideas of superposition codes, including rate splitting, parti-
tioning, successive decoding and variable power allocation for
Gaussian noise channels, began with Cover [22] in the context
of multiple-user channels, as we have said. Let’s amplify that
relationship here. In his broadcast channel setting what is
sent is a sum of L codewords, one for each message, and
the users are sorted, the last one needing to fully decode
the partitioned superposition code. Here we are putting that
idea to use for the original Shannon single-user problem. The
purpose here of computational feasibility is different from
the original multi-user purpose which was characterization
of the set of achievable rates. Variable power assignments,
such as we use, yield equal rate R/L for each portion of
the code corresponding to a section (or individual code) size
B = 2"E/L for R up to the total capacity. Such B would
be exponentially large in n if L were fixed. Instead, we
have L of order n to within a log factor, so that B is of
a manageable size. Also, as we have said, adaptation rather
than pre-specification of the set of sections decoded each step
is key to the reliability and speed of our scheme.

The superposition code ideas originating in [22] were ap-
plied also for achieving the sum rate in Gaussian multiple-
access channels, see, e.g. [30], and for random access channels
[34]. In the multiple-access rate region characterizations of
[62] and [18], rate splitting is in some cases applied to
individual users. So the applicability of superposition of rate
split codes (with associated partitioning and variable power
allocation) for a single user channel at rates up to capacity
has been noted, starting from both broadcast and multiple
access perspectives. However, feasibility has been lacking in
the absence of demonstration of reliability at high rate with
superpositions from polynomial size dictionaries with fast
adaptive decoders.

It is an attractive feature of our solution for the single-user
channel that it should be amenable to extension to practical

solution of the corresponding multi-user channels, namely, the
Gaussian multiple access and Gaussian broadcast channel.

Convex optimization and compressed sensing: Our first
efforts in attempting to provide a practical decoder, reliable
at rates up to capacity, involved trying to adapt existing
results on convex optimization, sparse approximation, and
compressed sensing. With focus on rate in comparison to
capacity, the potential success and existing shortcomings of
these approaches are discussed here.

Relevant convex optimization concerns the problem of least
squares convex projection onto the convex hull of a given set
of vectors. If there is the freedom to multiply these vectors by
a specified constant, then such convex projection is also called
{1-constrained least squares, basis pursuit [19], or the Lasso
[66], though there are certainly a number of relevant precursors
on such optimization. Formulation as an {¢;-penalized least
squares is popular in cases of sparse statistical linear modeling
and compressed sensing in which the non-zero coefficient
values are unknown, whereas ¢;-constrained least squares is
a more natural match to our setting in which the non-zero
coefficient values are known.

The idea with such optimization is to show with certain
rate constraints and dictionary properties that the convex
projection is likely to concentrate its non-zero coefficients on
the correct subset. Completion of convex optimization to very
high precision would entail a computation time in general of
the order of N3. An alternative is to perform a smaller number
of iterations, such as we do here, aimed at determining the
target subset.

One line of work on sparse approximation and term se-
lection concerns a class of iterative procedures which may
be called relaxed greedy algorithms (including orthogonal
matching pursuit, also called the orthogonal greedy algorithm,
related to forward stepwise regression) as studied in [47],
[8], [56], [49], [9], [45], [70], [76], [77]. In essence, each
step of these algorithms finds, for a given set of vectors, the
one which maximizes the inner product with the residuals
from the previous iteration and then uses it to update the
linear combination. The relaxation property, in optimizing the
linear combination with previous contributions, is that those
contribution can be down-weighted in the presence of the new
vector.

These procedures adapt to two purposes of relevance to
the decoding task. First a relaxed greedy algorithm solves,
to within specified precision, for the least squares convex
projection onto the convex hull of a given set of vectors as
shown in [49] and a variant of it solves for the ¢; penalized
least squares solution as shown in [45], with quantification of
the /5 accuracy of sparse approximators obtained in k steps
[8], [49], [9], [45], with no assumptions concerning the size
of inner products of the vectors.

Second, results on the correctness with high probability of
the k term selection with such algorithms are obtained in [70]
using orthogonal matching pursuit with random designs and
in [76] using forward-backward stepwise regression with an
assumption that the design satisfies what is called a restricted
isometry property (RIP), satisfied with high probability by



the independent Gaussian and +1 random designs. The RIP
property is also satisfied by certain deterministic designs as
reviewed in [14], [46]. With the constants currently available
with these analyses in the additive Gaussian noise case studied
in [70], [76] the application of these results does not yet permit
rates up to capacity.

Each pass of a relaxed greedy algorithm is analogous to the
steps of the decoder studied here. Applied to the communi-
cation task with partitioned superposition codes, the convex
hull corresponds to the coefficient vectors which are non-
negative and sum to 1 in each section (a cartesian product of
simplices), for which the vertices correspond to the codewords.
Each step finds in every section the term of highest inner
product with the residuals from the previous iteration and
then uses it to update the linear combination. Accordingly, its
computation time is linear in /N times the number of iterations
(and these computations are parallelizable in the same manner
as previously discussed).

The essential difference between the above-mentioned it-
erative algorithms and our decoder is that each step we
achieve relaxation by keeping the coefficients at 0 in sections
for which all the inner products remain below threshold.
Accordingly, section moves, when they occur, are to vertices
of the constituent simplices, and there are no interior moves.

We have conducted additional analysis of convex projection
(¢1-constrained least squares) in the case of equal power
allocation in each section. With the Gaussian design and
Gaussian noise, an approximation to the projection can be
characterized which has largest weight in most sections at
the term sent, when the rate R is less than Rg; whereas
for larger rates the weights of the projection are too spread
across the terms in the sections to identify what was sent.
(As that analysis is lengthy and does not get the rate up to
capacity we will not include it here.) To get to the higher
rates, up to capacity, one cannot use such convex projection
alone. Variable section power may be necessary in the context
of such algorithms. We have found it advantageous to conduct
a more structured iterative decoding, which is more explicitly
targeted to finding vertices, as presented here.

With this backdrop, it is natural to look further at the
fields of statistical term selection, sparse signal recovery, and
compressed sensing and ask whether the desired results of
practical achievement of rate up to capacity could be obtained
by appealing to other existing conclusions.

Adaptation of sparse signal recovery theory to communica-
tions for the Gaussian noise channel begins, as we have said,
with Tropp [67] and Gilbert and Tropp [41], by a scheme
which may be regarded as a sparse signed superposition code
using a dictionary of specified properties (an control of inco-
herence, assuming small maximum pairwise inner products).
Analogous signal recovery frameworks are in [27], [28] and
[37]. These works examine the reliability properties in the
worst case over choices of arbitrary subsets of specified size
and show that subsets up to size of order near /n can be
reliably decoded by convex projection. Unfortunately, this
would correspond to communication rates that are vanishingly
small, of order near 1/y/n.

Positive rate is realized by looking at the average probability

of error over random choices of subsets of a specified size.
From an n by N dictionary of specified properties, random
subsets up to size of order n/ log N are reliably decoded. Work
in this direction is in [68], [69] and especially [15], showing
that a coherence property of the dictionary implies reliable
determination of random subsets of that size by ¢; penalized
least squares. The relationship between random subsets of
columns a fixed dictionary of specified properties and the
subsets of columns of a Gaussian matrix is explored in [40].

Use of a random dictionary, especially Gaussian, is in [26],
[16], [70], [33], [72], [73]. These works show that reliable
determination of L terms from n noisy measurements, does
allow L to be of order n/log N, and is achieved either
by orthogonal matching pursuit as in [70] or by convex
optimization with an ¢; control on the coefficients, though
the results of [72], [73] show that the ¢; constrained convex
optimization does not perform as well as the information-
theoretic limits. Of course, with an average over the ensemble
of random dictionaries, the average case error probability over
subsets of size L is the same as the average error probability
for an specific such subset. Again these random dictionary
conclusions translate into saying that the communication rate
with procedures based on convex optimization is positive.
However, the gaps between constants in the upper and lower
bounds (corresponding to achievability and converse results,
respectively) correspond to saying that reliability with rates
up to capacity is not identified by application of these works.
Our work takes it further, identifying practical strategies that
do achieve up to the information-theoretic limits.

A caveat in these discussions is that the aim of much
(though not all) of the work on sparse signal recovery, com-
pressed sensing, and term selection in linear statistical models
is distinct from the purpose of communication alone. In partic-
ular rather than the non-zero coefficients being fixed according
to a particular power allocation, the aim is to allow a class of
such coefficients and still recover their support and estimate
the coefficient values. This leads to constants in the converse
bounds obtained in Wainwright that are distinct from Shannon
capacity, and are not overcome by specialization of his bounds
to either the fixed non-zero coefficient value case or to a
specific variable coefficient value assignment. Furthermore, the
inferiority of the ¢; constrained convex optimization that he
demonstrates is also an obstacle to communication at capacity
by such schemes. Another source of distinction in the rates
one would obtain by apply such results and the capacity rate
here is that we only require the sparse superposition decoder
to identify most of the columns of the superposition, with the
remaining errors corrected using the outer code.

The conclusion of the present paper concerning commu-
nication rate in the language of sparse signal recovery and
compressed sensing are summarized as follows. A number
of terms (columns) selected from a dictionary is linearly
combined and subject to Gaussian noise. Suppose a large value
B of the order of a polynomial in n is specified for the ratio of
the number of variables divided by the number of terms. For
signals X/ satisfying our Gaussian design, high-probability
recovery of these terms (with a negligible fraction of mistakes)
from the received noisy Y of length n is possible provided the



number of terms L satisfies L > Rn/log B. Our interest is
in the constant I? achievable by practical schemes. Accurate
recovery is possible provided R < Ry in the equal power
allocation case. For the variable power designs we give here,
recovery by other means is possible at higher R up to the
capacity C.

Though we are not fond of the term, one can call the
supremum of the constants /2 for which a number of terms
L of size Rn/logB be reliable recovered by a practical
algorithm, the compressed sensing capacity. It can be said
that for our designs, the compressed sensing capacity is equal
to the Shannon Capacity.

We mention relevant converse results from the theory of
joint source and channel coding subject to a Hamming distor-
tion which applied to the problem of recovery of a specified
fraction of terms in a sparse linear model in [60]. There they
study the case that the ratios n/N and L/N are fixed at
constant levels. If the distortion level related to the mistake rate
were likewise fixed at a positive constant level, it would follow
that the optimal rates would be distinct from the Shannon
channel capacity. In our case the n/N = (log B)/(RB) and
L/N = 1/B and the distortion level are all arranged to
become small with increasing B, and the Shannon capacity
becomes the limiting rate for large B.

As various colleagues have pointed out, relationships of our
decoder to other settings can be seen in the problems of multi-
user detection [71], term selection by forward selection in
regression [29], screening in high-dimensional regression [31],
multiple comparison hypothesis testing [12], and the sequential
detection algorithm of [55]. In these settings, when dealing
with a large number of hypotheses, there is a recent focus
on the need to track the fractions of false discoveries and
failed detections, especially in iterative algorithms, rather than
overall error probability in a one-shot analysis.

Outline of paper: After some preliminaries, section III de-
scribes the decoder. In Section IV we analyze the distributions
of the various test statistics associated with the algorithm. In
particular, the inner product test statistics are shown to de-
compose into normal random variables plus a nearly constant
random shift for the terms sent. Section V demonstrates the
increase for each step of the mean separation between the
statistics for terms sent and terms not sent. Section VI sets
target detection and alarm rates. Reliability of the algorithm
is established in section VII, with demonstration of exponen-
tially small error probabilities. Computational illustration is
provided in section VIII. A requirement of the theory is that
the decoder satisfies a property of accumulation of correct
detections. Whether the decoder is accumulative depends on
the rate and the power allocation scheme. Specialization of
the theory to a particular variable power allocation scheme is
presented in section IX. The closeness to capacity is evaluated
in section X. Lower bounds on the error exponent are in
section XI. Refinements of closeness to capacity are in section
XI1I. Section XIII discusses the use of an outer Reed Solomon
code to correct any mistakes from the inner decoder. The
appendix collects some auxiliary matters.

II. SOME PRELIMINARIES

Notation: For vectors a, b of length n, let ||al|? be the sum of
squares of coordinates, let |a|> = (1/n) Y., a? be the aver-
age square and let respectively a”band a-b = (1/n) Y1 a;b;
be the associated inner products. We sometimes find it more
convenient to work with |a| and a - b.

Setting of Analysis: The dictionary is randomly generated.
For the purpose of analysis of average probability of error or
average probability of at least certain fraction of mistakes, we
investigate properties with respect to the joint distribution of
the dictionary and the noise.

The noise ¢ and the X; in the dictionary are jointly
independent normal random vectors, each of length n, with
mean equal to the zero vector and covariance matrixes equal
to 021 and I, respectively. These vectors have n coordinates
indexed by ¢ = 1,2, ..., n which may be called the time index.
Meanwhile .J is the set of term indices j corresponding to the
columns of the dictionary, which may be organized as a union
of sections. The codeword sent is from a selection of L terms.
The cardinality of J is N and the ratio B = N/L.

Corresponding to an input, let sent = {41, j2,...,j.} be
the indices of the terms sent and let other = J — sent
be the set of indices of all other terms in the dictionary.
Component powers P; are specified, such that ) jsent Li =
P.The simplest setting is to arrange these component powers
to be equal P; = P/L. Though for best performance, there
will be a role for component powers that are different in
different portions of the dictionary. The coefficients for the
codeword sent are 3; = \/JTJ 1; sent- The received vector is

Y =) BX; + e
J

Accordingly, X; and Y are joint normal random vectors,
with expected product between coordinates and hence ex-
pected inner product E[X; - Y] equal to ;. This expected
inner product has magnitude \/ﬁ] for the terms sent and 0
for the terms not sent. So the statistics X; - Y are a source of
discrimination between the terms.

We note that each coordinate of Y has expected square
0% = P+ 0? and hence E[|Y|?] = P+o2.

Exponential bounds for relative frequencies: In the dis-
tributional analysis we shall make repeated use of simple
large deviations inequalities. In particular, if § is the relative
frequency of occurrence of L independent events with success
probability ¢*, then for ¢ < ¢* the probability of the event
{G < ¢} is not more than the Sanov-Csiszar bound e~ =P (alla™),
where the exponent D(q||¢*) = Dpger(qllg*) is the relative
entropy between Bernoulli distributions. Some may recognize
this bound by the method of types, as in [25],[23], though with
a multiplicative factor of L+1 out front. That it is true without
such a multiplier follows from a simple convexity argument as
in [24] or by identification that the exponent of the Cramer-
Chernoff bound takes the form of the relative entropy. The
information theoretic bound subsumes the Hoeffding bound
e~2(4"~0°L via the Csiszar-Kullback inequality that D exceeds



twice the square of total variation, which here is, D >
2(¢* —q)?. An extension of the information-theoretic bound
to cover weighted combinations of indicators of independent
events is in Lemma 47 in the appendix and slight dependence
among the events is addressed through bounds on the joint
distribution. The role of § is played by weighted counts for j
in sent of test statistics being above threshold.

In the same manner, one has that if p is the relative
frequency of occurrence of independent events with success
probability p*, then for p > p* the probability of the
event {p > p} has a large deviation bound with exponent
Dpger(pllp*). In our use of such bounds, the role of p is played
by the relative frequency of false alarms, based on occurrences
of j in other of test statistics being above threshold. Naturally,
in this case, we arrange for p and p* both to be small, with
some control on the ratio between them. It is convenient to
make use of lower bounds on Dp..(p||p*), as detailed in
Lemma 48 in the appendix, which include what may be called
the Poisson bound plog p/p* + p*—p and the Hellinger bound
2(y/p — V/PF)?%, both of which exceed (p — p*)?/(2p). All
three of these lower bounds are superior to the variation bound
2(p — p*)? when p is small.

III. THE DECODER

From the received Y and knowledge of the dictionary,
decode which terms were sent by an iterative procedure we
now specify more fully.

The first step is as follows. For each term X; of the
dictionary compute the inner product with the received string
XTY as a test statistic and see if it exceeds a threshold
T = ||Y||7. Denote the associated event

H; ={X]Y >T}.

In terms of a normalized test statistic this first step test is the
same as comparing Z; ; to a threshold 7, where

Z;=XY/|IY],

the distribution of which will be shown to be that of a standard
normal plus a shift by a nearly constant amount, where the
presence of the shift depends on whether j is one of the terms
sent. Thus H; = {2, ; > 7}. The threshold is chosen to be

7 =1+/2log B + a.

The idea of the threshold on the first step is that very few
of the terms not sent will be above threshold. Yet a positive
fraction of the terms sent, determined by the size of the shift,
will be above threshold and hence will be correctly decoded
on this first step.

Let threshy = {j € J : 13, = 1} be the set of terms
with the test statistic above threshold and let above; denote
the fraction of such terms. In the variable power case it is a
weighted fraction abover = > e, i/ P, weighted by
the power P;. We restrict decoding on the first step to terms
in threshy, so as to avoid false alarms. The decoded set is
either taken to be dec; = threshy or, more generally, a value
pace; is specified and, considering the terms in .J in order of
decreasing Z; ;, we include in dec; as many as we can with

Zjedecl m; not more than min{pace;, above;}. Let DEC,
denote the cardinality of the set dec;.

The output of the first step consists of the set of decoded
terms dec; and the vector F} = Zjedecl \/EX]- which
forms the first part of the fit. The set of terms investigated in
step 1 is J; = J, the set of all columns of the dictionary. Then
the set Jo = J; — dec; remains for second step consideration.
In the extremely unlikely event that DEC] is already at least
L there will be no need for the second step.

A natural way to conduct subsequent steps would be as
follows. For the second step compute the residual vector

T9 :Y—Fl.

For each of the remaining terms, i.e. terms in J5, compute the
inner product with the vector of residuals, that is, X jT T9 OF itS
normalized form Z7 = X]-TTQ /||Ir2|| which may be compared
to the same threshold 7 = +/2log B + a, leading to a set
decy of decoded terms for the second step. Then compute
=3 jedecs \/E X, the fit vector for the second step.

The third and subsequent steps would proceed in the same
manner as the second step. For any step k, one computes the
residual vector

T’kZY—(Fl—F...—FFk-_l).

For terms in Jy = Jp_1 — deci_1, one gets threshy as the
set of terms for which X[ry /[|rg is above 7. The set of
decoded terms is either taken to be threshy or a subset of it.
The decoding stops when the size of the cardinality of the set
of all decoded term becomes L or there are no terms above
threshold in a particular step.

A. Statistics from adaptive orthogonal components:

A variant of the above algorithm from second step onwards
is described, which we find to be easier to analyze. The idea
is that the ingredients Y, Fi,..., Fi_1 previously used in
forming the residuals may be decomposed into orthogonal
components and test statistics formed that entail the best
combinations of inner products with these components.

In particular, for the second step the vector G5 is formed,
which is the part of F; orthogonal to G; = Y. For j in
Ja, the statistic Z; = XTGy/||Ga is computed as well
as the combined statistic Z59™" = A1Z1; — VA2Za,
where \y = 1— X and Ay = A\, with a value of \ to
be specified. What is different on the second step is that
now the events Hy; = {Z5%"" > 7} are based on these
ng}mb, which are inner products of X; with the normalized
vector By = /A1 Y/||Y ]| — VA2 G2/||G2]|. To motivate these
statistics note the residuals 7o = Y — F} may be written
as (1—b))Y — Gy where by = FTY/|Y||%. The statistics
we use in the variant may be viewed as approximations to
the corresponding statistics based on the normalized residuals
ro/|lr2|, except that the form of A and the analysis are
simplified.

Again these test statistics ng;.mb lead to the set threshy =
{j € J2 : 1y, = 1} of size aboves = 37, p con, Ti-
Considering these statistics in order of decreasing value, it
leads to the set decy consisting of as many of these as we



can while maintaining accepts < min{paces, aboves}, where
accepts = jedec, Tj- This provides an additional part of the
fit F = ZjedecQ \/EX]

Proceed in this manner, iteratively, to perform the following
loop of calculations, for £ > 2. From the output of step k—1,
there is available the vector F}_1, which is a part of the fit, and
for k' < k there are previously stored vectors G and statistics
Zj ;. Plus there is a set decy p—1 = dec1U. . .Udecy_; already
decoded on some previous step and a set Jy, = J — decy -1
of terms for us to test at step k. Consider, as discussed further
below, the part G of Fj_; orthogonal to the previous Gy
and for each j not in decy_; compute

Zy; = X[ Gr/||Gyl]

and the combined statistic

Z = Mk Zrg = V2w 22— = Mk B

where these A will be specified with Z’;,Zl Ak = 1. These
positive weights will take the form Ay, = wy//sg, with
wy; =1, and s = 1 + wa + ... wg, with wy to be specified.
Accordingly, the combined statistic may be computed by the
update

z,gj’;”’bb =+/1- )\ Z,gi";fj — Ve 2k s

where A\, = wy/sg. This statistic may be thought of as
the inner product of X; with a vector updated as Ej =
V1= MEr_1 — VAGr/||Gy||, serving as a surrogate for
/|75 || For terms j in Jj, these statistics Z,g:’;"b are compared
to a threshold, leading to the events

My = {255 = 7.

The idea of these steps is that, as quantified by an analysis
of the distribution of the statistics Zj, ;, there is an increasing
separation between the distribution for terms j sent and the
others.

We let threshy = {j € Ji : Z,gf’j’”b > 71} and abovey, =
> jcthresh, Tj and for a specified pacey, considering these
test statistics in order of decreasing value, we include in decy,
as many as we can with accepty < min{pacey,abovey},
where accepty, = > 7j. The output of step k is the

j€Edecy,
vector
Fo= > P X;.
j€Edecy,

Also the vector G}, and the statistics Z, ; are appended to
what was previously stored, for all terms not in the decoded
set. From this step we provide update to the set of decoded
terms decy , = decy_1 U decy and the set Ji 1 = J — decy,
of terms remaining for consideration.

This completes the actions of step k& of the loop.

To complete the description of the decoder, we will need to
specify the values of wy that determine the Ay and we will
need to specify pacey. For these specifications there will be
a role for measures of the accumulated size of the detection
set acceptt® = ¥, acceptys as well a target lower bound
g1,, on the total weighted fraction of correct detection (the
definition of which arises in a later section), and an adjustment
to it given by q‘ll)d,g = q1,5/(1+ f1,6/q1,x) Where f1 j is a target

upper bound on the total weighted fraction of false alarms. The
choices we consider take wy = s — sx_1 to be increments of
the sequence s = 1/(1 — x_1v) that arises in characterizing
the above mentioned separation. In the definition of wj we
take x,_, as either accepti®, or ¢iY_, both of which arise
as surrogates to a corresponding unobservable quantity which
would require knowledge of the actual fraction of correct
detection through step k£ — 1.

There are two options for pace; that we describe. First,
we may arrange for decy to be all of threshy by setting
pace, = 1, large enough that it has essentially no role and
decy = threshy, and with this option we set wy as above
using zx_1 = accepti®,. This choice yields a successful
growth of the total weighted fractions of correct detections,
though to handle the empirical character of wy, there is a slight
cost to it in the reliability bound, not present with the second
option. _ _

For the second option, we may let pacey, = qid,g - q‘ll,d,g_l be
the deterministic increments of the increasing sequence qid,g,
with which it is shown that abovey, is likely to exceed pacey,
for each k. When it does then accepty, equals the value pacey,
and cumulatively their sum accept’® matches the target q‘f’dlg.
Likewise, for this option, wy is set using zp_1 = qfd,g_l.
It’s deterministic trajectory facilitates the demonstration of
reliability of the decoder.

On each step & we decode a substantial part of what
remains, because of growth of the mean separation between
terms sent and the others, as we shall see.

The algorithm stops under the following conditions. Natural
practical conditions are that L terms have been decoded, or
that the weighted total size of the decoded set accepti® has
reached at least 1, or that no terms from J; are found to have
statistic above threshold, so that Fj is zero and the statistics
would remain thereafter unchanged. An analytical condition
is the lower bound we obtain on the likely mean separation
stops growing (captured through qfd,g no longer increasing), so
that no further improvement is the’oretically demonstrable by
such methodology. Subject to rate constraints near capacity,
our best bounds occur with a total number of steps m equal
to an integer part of 2 + snr log B.

Up to step k, the total set of decoded terms is decy k,
and the corresponding fit fit; may be represented either as
> jedeey » V/Pj X or as the sum of the pieces from each step

fity = Fi + Fo+ ...+ Fy.

As to the part G, of Fy_1 orthogonal to Gy for k' < k,
we take advantage of two ways to view it, one emphasizing
computation and the other analysis.

For computation, work directly with parts of the fit. The
G1,Ga, ..., Gj_1 are orthogonal vectors, so the parts of F,_1
in these directions are IA);C,;C/G;CI with coefficients IA);M/ =
FL Gy /|Gy |? for k' =1,2,...,k—1, where if peculiarly
|G|l = 0 we use by, 1 = 0. Accordingly, the new G, may
be computed from F)_; and the previous Gy with k' <k by

k-1
Gy = Fp_1 — Z brk G-

k'=1



This computation entails the n—fold sums of products Ff G/
for determination of the lA)k_’k/. Then from this computed G,
we obtain the inner products with the X; to yield 2 ; =
X]Gr/||Gyl| for j in J.

The algorithm is seen to perform an adaptive Gram-Schmidt
orthogonalization, creating orthogonal vectors Gj used in
representation of the X; and linear combinations of them,
in directions suitable for extracting statistics of appropriate
discriminatory power, starting from the received Y. For the
classical Gram-Schmidt process, one has a pre-specified set
of vectors which are successively orthogonalized, at each step,
by finding the part of the current vector that is orthogonal to
the previous vectors. Here instead, for each step, the vector
Fy_1, for which one finds the part GG; orthogonal to the
vectors G1,...,Gk_1, is not pre-specified. Rather, it arises
from thresholding statistics extracted in creating these vectors.

For analysis, look at what happens to the representation of
the individual terms. Each term X, for j € J,_;1 has the
decomposition

G1 e Gp_
Xj =21 757 22 +.oo 4 2k + Vi,
’ TG TG MGr-all || !
where V}, ; is the part of X; orthogonal to G, G2, ...,Gr—1.

Since F_1 =5
representation

\/P; X; it follows that G, has the

jEdecy_1

> VPiViy

jE€decy—1

from which Z, ; = VkT’ij /|G|, and we have the updated

representation

G1 Gr—1 Gy,
+.o 2k \

|Gh| NGl 5G]

With the initialization V; ; = X, these V}, 11 ; may be thought
of as iteratively obtained from the corresponding vectors at the
previous step, that is,

Vit1,; = Vi

X; =2y +Z

+Vig1,5-

= 21,5 G/ |G |l-

These V' do not actually need to be computed, nor do we
need to compute its components detailed below, but we do use
this representation of the terms X in obtaining distributional
properties of the Z, ;.

B. The weighted fractions of detections and alarms:

The weights 7; = P; /P sum to 1 across j in sent and they
sum to B—1 across j in other. Define in general

= >,

jEsentNdecy,

for the step k correct detections and

o= > 0w
jEothernNdecy,
for the false alarms. In the case P; = P/L which assigns equal
weight m; = 1 /L, then §i L is the increment to the number
of correct detections on step k, likewise fk L is the increment
to the number of false alarms. Their sum accepty = i + fk

matches .o, -

The total weighted fraction of correct detections up to step
kis giot = 7; which may be written as the
sum

jEsentNdecy i,

G =q+a4+...+ .

Assume for now that decy, = thresh;. Then these increments
(jk equal ZyEsentﬂJk Trlek -

The decoder only encounters these Hy. ; = {Z7"" > 7}
for 5 not decoded on previous steps, i.e., for j in J, =
(decy k—1)°. For each step k, one may define the statistics
arbitrarily for j in decy r—1, so as to fill out definition of the
events Hy, ; for each j, in a manner convenient for analysis.
By induction on k, on sees that dec; j, consists of the terms j
for which the union event H; ; U... U H}, ; occurs. Because
if deci p—1 = {Jj : 12, u..UH,_,, = 1} then the decoded set
decy i, consists of terms for which either H; ; U... UHp_1;
occurs (previously decoded) or Hy, ; N [Hq; U...UHk_1;]°
occurs (newly decoded), and together these events constitute
the union Hy ; U...UH ;.

Accordingly, the total weighted fraction of correct detec-
tions ¢i°* may be regarded as the same as the m weighted
measure of the union

Atot
z : Tr]l{HlJU UM 5}

j sent

Indeed, to relate this expression to the preceding expression
for gi°t, the sum for &’ from 1 to k corresponds to the rep-
resentation of the union as the disjoint union of contributions
from terms sent that are in ;- ; but not in earlier such events.

Likewise the weighted count of false alarms fio@ =

Zjemhemdecl,k 7; may be written as

flot — fi 4 fot ...+ fi

which when decy, = threshj; may be expressed as

tot
k Z ﬂ—jl{HLJU...UHk,]‘}'

j other

In the distributional analysis that follows we see that the
mean separation is given by an expression inversely related
to 1 — ¢i°*,v. The idea of the multi-step algorithm is to
accumulate enough correct detections in (jz"t, with an attendant
low number of false alarms, that the fraction that remains
becomes small enough, and the mean separation hence pushed
large enough, that most of what remains is reliably decoded
on the last step.

The analysis will provide, for each section ¢, lower bounds
on the probability that the correct term is above threshold by
step k and upper-bounds on the accumulated false alarms.
When the snr is low and we are using constant power
allocation, these probabilities are the same across the sections,
all of which remain active for consideration until completion
of the steps.

For variable power allocation, with P(Z) decreasing in /,
then for each step k, the probability that the correct term is
above threshold varies with . Nevertheless, it can be a rather
large number of sections for which this probability takes an
intermediate value (neither small nor close to one), thereby
necessitating the adaptive decoding. Most of our analysis



proceeds by allowing at each step for terms to be detected
from any section £ =1,2,..., L.

C. An optional analysis window:

For large C, the P, proportional to e=2¢“/L exhibits a

strong decay with increasing ¢. Then it can be appropriate
to take advantage of a deterministic decomposition into three
sets of sections at any given number of steps. There is the set
of sections with small ¢, which we call polished, where the
probability of the correct term above threshold before step k
is already sufficiently close to one that it is known in advance
that it will not be necessary to continue to check these (as
the subsequent false alarm probability would be quantified
as larger than the small remaining improvement to correct
detection probability for that section). Let polished), (initially
empty) be the set of terms in these sections. With the power
decreasing, this coincides with a non-decreasing initial interval
of sections.

Likewise there are the sections with large ¢ where the
probability of a correct detection on step k is less than the
probability of false alarm, so it would be advantageous to
still leave them untested. Let untestedy, (desirably eventually
empty) be the set of terms from these sections, corresponding
to a decreasing tail interval of sections up to the last section
L.

The complement is a middle region of terms

potentialy, = J — polishedy, — untestedy,

corresponding to a window of sections, left, < ¢ < right,,
worthy of attention in analyzing the performance at step k.
For each term in this analysis window there is a reasonable
chance (neither too high nor too low) of it being decoded by
the completion of this step.

These middle regions overlap across k, so that for any term
7 has potential for being decoded in several steps.

In any particular realization of X,Y, some terms in this
set potential, are already in dec; j—1. Accordingly, one has
the option at step k to restrict the active set of the search to
Jr = potentialy N dec‘i x_1 rather than searching all of the
set decy ;,_; not previously decoded. In this case one modifies

the definitions of ¢;°* and f}é"t, to be

~tot __

4 = Z Trjl{uk’EKj,ka"rj}

J sent
and
A]iot = Z le{Uk’eKj,ka/‘j}
j other
where

K, ={k <k :j € potentialy}.

A refined analysis given later quantifies benefits of this re-
striction, particularly concerning improved bounds on the total
false alarms and corresponding improvement to the rate drop
from capacity, when C is large.

IV. DISTRIBUTIONAL ANALYSIS

In this section we describe the distributional properties of
the random variables 2, = (2, : j € Ji) for each k =
1,2,..., n. In particular we show for each %k that Z ; are
location shifted normal random variables with variance near
one for j € sent N Jy and are independent standard normal
random variables for j € other N Jy.

In Lemma 1 below we derive the distributional properties
of Z;. Lemma 2 characterizes the distribution of Zj, for steps
k> 2.

Before providing these lemmas we define a few quantities
which will be helpful in studying the location shifts of Zj, ;
for j € sent N Ji. In particular, define the quantity

C;r=m; Lv/(2R),
where 7; = P;/P and v=v1=P/(0?+P). Likewise define
CjrB = (Cjr)2logB,
which also has the representation
Cjrp=nT;V.

The role of this quantity as developed below is via the location

shift \/Cj g, seen to be near \/Cj g 7. One compares this
value to 7, that is, one compares C; r to 1 to see when there

is a reasonable probability of some correct detections starting
at step 1, and one arranges C; g to taper not too rapidly to
allow decodings to accumulate on successive steps.

We have two illustrative cases. For the constant power
allocation case, m; equals 1 /L and C},r reduces to

Cjr = Ro/R,

where Ry = (1/2)P/(c* + P). In this case Cjpp =
(Ro/R)2log B are equal for all j. This C; g is at least 1
when the rate R is not more than R.

For the case of power P; proportional to e~2¢“/L_ we have
mj = e 2CU=D/L(1¢=2¢/L) /(1—e~%C) for each j in section
¢, for ¢ from 1 to L. Define

C= (L)1 - e /),

which is essentially identical to C, for L large compared to C.
Then for j in section ¢ we have that

mj = (2C/Lv)e~2¢¢=1/L

and

Cj,R _ (é/R) e—2€(€—1)/L.

For rates R not more than C, this C} g is at least 1 in some
sections, leading to likelihood of some initial successes, and
it tapers at the fastest rate at which we can still accumulate
decoding successes.



A. Distributional analysis of the first step:

We now are in a position to give the lemma for the
distribution of Z;. Recall that J; = J is the set of all N
indices.

Lemma I: For each j € J, the statistic Z;; can be
represented as

\/m[)(n/\/ﬁ]lj sent T+ Zl,ja

where Zy = (Z,; : j € J1) is multivariate normal N(0,3)
and X? = ||Y||?/0% is a Chi-square (n) random variable that
is independent of Z;. Here recall that 03 = P + o2 is the
variance of each coordinate of Y.

The covariance matrix 3; can be expressed as ¥y = I —
blb{, where b, is the vector with entries by ; = ﬁj/ay for j
in J.

The subscript 1 on the matrix ¥; and the vector b; are to
distinguish these first step quantities from those that arise on
subsequent steps.

Proof of Lemma 1: Recall that the X; for j in J are inde-
pendent N (0, I) random vectors and that Y = . 3; X; + ¢,
where the sum of squares of the 3; is equal to P.

Consider the decomposition of each random vector X; of
the dictionary into a vector in the direction of the received Y
and a vector U; uncorrelated with Y. That is, one considers
the reverse regression

Xj=b1;Y/oy + Uj,

where the coefficient is by ; = E[X; ;Y;]/oy = §;/0y, which
indeed makes each coordinate of U; uncorrelated with each
coordinate of Y. These coefficients collect into a vector by =
6 / gy in RN

These vectors U; = X; — by, jY/ oy along with Y are linear
combinations of joint normal random variables and so are
also joint normal, with zero correlation implying that Y is
independent of the collection of U;. The independence of ¥
and U; facilitates development of distributional properties of
the U JT Y. For these purposes we need the characteristics of
the joint distribution of the U; across terms j (clearly there is
independence for distinct time indices 1).

The coordinates of U; and U, have mean zero and expected
product 1¢;_; } — by jby jr. These covariances (E[U; ;Uj ;] :
j,j' € J) organize into a matrix

YW=N=T-A=T-w".

For any constant vector v # 0, consider U ov/||ex||. Its joint
normal distribution across terms j is the same for any such «.
Specifically, it is a normal N(0,Y), with mean zero and the
indicated covariances.

Likewise define the random variables Z; = UY/||Y|, also
denoted Z; ; when making explicit that it is for the first step.
Jointly across j, these Z; have the normal N(0,%) distribu-
tion, independent of Y. Indeed, since the U; are independent
of Y, when we condition on Y = o we get the same N (0, %)
distribution, and since this conditional distribution does not
depend on Y, it is the unconditional distribution as well.

Where this gets us is revealed via the representation of the
inner product XY as by ;||Y||?/oy + UJ'Y, which can be
written as
Y

2

T _
XTIy = ; 2

+ IV Z;.

This identifies the distribution of the X JT Y as that obtained as
a mixture of the normal Z; with scale and location shifts de-
termined by an independent random variable X2 = ||Y'||? /o2,
distributed as Chi-square with n degrees of freedom.

Divide through by ||Y|| to normalize these inner products
to a helpful scale and to simplify the distribution of the result
to be only that of a location mixture of normals. The resulting
random variables Z; ; = XJTY /|IY || take the form

215 = Vnbi;|[Y|joy + Zj,

where |Y|/oy = X,/v/n is near 1. Note that \/nb;; =
VnBj/oy which is | /nm;v or \/Cj g p. This completes the
proof of Lemma 1.

The above proof used the population reverse regression of
X; onto Y, in which the coefficient b, ; arises as a ratio
of expected products. There is also a role for the empirical
projection decomposition, the first step of which is X; =
Z1,;Y/||Y]|| + Va,;, with G; =Y. Its additional steps provide
the basis for additional distributional analysis.

B. Distributional analysis of steps k > 2:

Let V4 ; be the part of X; orthogonal to G1, G, ..., Gr—1,
from which G = 37, o /Pj Vi,j- It yields the represen-
tation of the statistic 2 ; = X Gi/||Gk| as V[,Gr /|G|,
as we have said. Amongst other matters, the proof of the
following lemma determines, for j € Ji, the ingredients of the
regression Vi, ; = by jGi /o + Uy ; in which Uy ; is found
to be a mean zero normal random vector independent of Gy,
conditioning on certain statistics from previous steps. Taking
the inner product with the unit vector Gy/||Gy| yields a
representation of Zj, ; as a mean zero normal random variable
Zy, ; plus a location shift that is a multiple of |G|l depending
on whether j is in sent or not. The definition of Zj ; is
ULGr/|IGil-

We maintain the pattern used in Lemma 1 and use the cali-
graphic font Z, ; to denote the test statistics that incorporate
the shift for j in sent and the standard font Zj ; to denote
their counterpart mean zero normal random variables before
the shift.

The lemma below characterizes the sequence of conditional
distributions of the Z, = (Zy; : j € Ji) and ||Gy||, given
Fr—1, for k=1,2,...n, where

.7:]@71 = (HGk’HﬂZk’ : ]{3/ = 1,...7]{3—1).

This determines also the distribution of Z, = (2 : j € Ji)
conditional on Fj_;. Initializing with the distribution of Z;
derived in Lemma 1, we provide the conditional distributions
for all 2 < k < n. The algorithm will be arranged to stop
long before n, so we will only need these up to some much
smaller final £k = m. Note that J, is never empty because
we decode at most L, so there must always be at least



(B—1)L remaining. For an index set which may depend on
the conditioning variables, we let N, (0,¥) denote a mean
zero multivariate normal distribution with index set J; and
the indicated covariance matrix.

Lemma 2: For k > 2, given Fj_1, the conditional distri-
bution ]P)Zk“,k‘].‘kil of Z 5, = (Zk,; + j € Ji) is normal
Ny, (0,%); the random variable X7 = [|G}||*/o} is a Chi-
square distributed, with d;, = n—k+1 degrees of freedom,
conditionally independent of the Zj, where o; depends on
Fr—1 and is strictly positive provided there was at least one
term above threshold on step £ — 1; and, moreover, Z; ; has
the representation

— Ve Cj r, [Xa, /1] 1) sent + Zi j.

The shift factor wy, is the increment w;, = §, —S,_1, of the
series S; with

1
1— (@Y + ..+ g%

l+wo+ ...+ = § =

where §iY = q;/(1+ f;/q;). determined from weighted
fractions of correct detections and false alarms on previous
steps. Here s = w; = 1. The wy, is strictly positive, that is,
Sk is increasing, as long as gi—; > 0, that is, as long as the
preceding step had at least one correct term above threshold.
The covariance ¥ has the representation

Ype=1—-6,00 =T—v,B67/P

where v, = Spv. (X);50 = lj=j — 00k, for 7,5 in
Ji, where the vector §j is in the direction 3, with d;; =
Vi Pj/P1; gent for j in Jy. Finally,

U,% = accepti_1 P

Sk

where accepty, = Y
on step k.

jedecy T is the size of the decoded set

The proof of this lemma follows the same pattern as the
proof of Lemma 1 with some additional ingredients. We put
it in Appendix L

C. The nearby distribution:

Two joint probability measures Q and P are now specified
for all the Zy ;, j € J and the |G| for k =1,...m. For P,
it is to have the conditionals Pz, , |7, , specified above.

The @Q is the approximating distribution. We choose Q
to make all the Z ;, for j € J, for £ = 1,2,...,m, be
independent standard normal, and like IP, we choose Q to make
the X2, = ||Gy||*/o7 be independent Chi-square(n—Fk+1)
random variables.

Fill out of specification of the distribution assigned by P,
via a sequence of conditionals sz,‘ll}-klell for Zy j = (Z,j :
j € J), which is for all j in J, not just for j in Jg. Here
FI = (||Gur|l, Zrrg - K = 1,2,..., k). For the variables
Zy,, that we actually use, the conditional distribution is that
of sz”]k |F._, as specified in the above Lemma. Whereas for
the Z, ; with j in the already decoded set J — J, = decy r—1,
given Fj_1, we conveniently arrange them to have the same

independent standard normal as is used by Q. This completes
the definition of the Zj, ; for all j, and with it one likewise
extends the definition of Z, ; as a function of Zj, ; and |G|
and completes the definition of the events H, ; for all j, used
in our analysis.

This choice of independent standard normal for the distribu-
tion of Zy, ; given Fj_ for j in decy p—1, is contrary to what
would have arisen in the proof of 2 from the inner product of
Ug,; with G} /||Gi|| if there one were to have looked there at
such j with 1Hkaj = 1 for earlier k¥’ < k. Nevertheless, as
we have said, we have freedom of choice of the distribution
of these variables not used by the decoder. The present choice
is a simpler extension providing a conditional distribution of
(Zy,; : j € J) that shares the same marginalization to the true
distribution of (Z ; : j € Ji) given Fy_1.

An event A is said to be determined by F; if its indicator
is a function of Fy. As Fi = (Xy_wy1,Zrr,, = K < k),
with a random index set Ji given as a function of preceding
Fr—1, it might be regarded as a tricky matter. Alternatively
a random variable may be said to be determined by Fj if
it is measurable with respect to the collection of random
variables (||Gy| , Zw j1(jedecs i Eedl <k'<k). The
multiplication by the indicator removes the effect on step k'
of any Z;s ; decoded on earlier steps, that is, any j outside
Ji. Operationally, no advanced measure-theoretic notions are
required, as we are working with sequences of conditional
densities of explicit Gaussian form.

In the following lemma we appeal to a sense of closeness of
the distribution IP to Q, such that events exponentially unlikely
under Q remain exponentially unlikely under the governing
measure P.

Lemma 3: For any event A determined by Fy,
P[A] < Q[A]eFo,

where ¢y = (1/2)log(1 + P/c?). The analogous statement
holds more generally for the expectation of any non-negative
function of F.

See Appendix II for the proof. The fact that ¢y matches the
capacity C might be interesting, but it is not consequential to
our argument. What matters for us is simply that if Q[A] is
exponentially small in L or n, then so is P[A].

D. Logic in bounding detections and false alarms:

Simple logic concerning unions plays an important sim-
plifying role in our analysis to lower bound detection rates
and to upper bound false alarms. The idea is to avoid the
distributional complication of sums restricted to terms not
previously above threshold.

Here assume that dec, = threshy each step. Section VII-B
discusses an alternative approach where we take decy to be
a particular subset of threshy, to demonstrate slightly better
reliability bounds for given rates below capacity.

Recall that with g, = > J sentry, T 1, ,; as the increment
of weighted fraction of correct detections, the total weighted

fraction of correct detections ¢/ = G + ... + gy up to



step k is the same as the the weighted fraction of the union
Zj sent i 11y ;U .UM, ;- Accordingly, it has the lower bound

~tot
it > Z i1y,

J sent

based solely on the step k half-spaces, where the sum on the
right is over all 7 in sent, not just those in sentMJy. That this
simpler form will be an effective lower bound on ¢:°* will arise
from the fact that the statistic tested in Hj, ; is approximately
a normal with a larger mean at step k than at steps k¥’ < k,
producing for all j in sent greater likelihood of occurrence of
Hy,,; than earlier Hy/ ;

Concerning this lower bound > J sent i1y e in what fol-
lows we find it convenient to set §; ; to be the corresponding
sum Zj sent Tj1H, ; using a simpler purified form Hy ; in
place of Hj, ;. Outside of an exception event we study, this
Hj, ; is a smaller set that Hy, ; and so then ¢ is at least ¢y .

Meanwhile, with fk =5 jeotherny, T 1%, , as the incre-
ment of weighted count of false alarms, as we have seen, the
total weighted count of false alarms f° = fy + ...+ fy is
the same as >, 0, Tj 1%, ;u...un, ;- It has the upper bound

Jf]zotg Z ﬂleld_—}— .+ Z ﬂ'lek,j.

j other j other

We denote the right side of this bound fl, k-

These simple inequalities permit our aim to establish likely
levels of correct detections and false alarm bounds to be
accomplished by analyzing the simpler forms > j sent TilH,, 5
and » . i, Tj 19, ; without the restriction to the random set
Ji, which would complicate the analysis.

Refinement using wedges: Rather than using the last half-
space Hj ; alone, one may obtain a lower bound on the
indicator of the union H;; U ... U Hy ; by noting that it
contains Hy_1; U Hy ; expressed as the disjoint union of
the events Hy, ; and Hy_1 ; N Hy ;. The latter event may be
interpreted as a wedge (an intersection of two half-spaces)
in terms of the pair of random variables Z{*1" and Zj ;.
Accordingly, there is the refined lower bound on §;** =

Z] sent 77_] 1H1,jU4..U’Hk’]'7 glVen by

~tot

J sent j sent

With this refinement a slightly improved bound on the likely
fraction of correct detections can be computed from determi-
nation of lower bounds on the wedge probabilities. One could
introduce additional terms from intersection of three or more
half-spaces, but it is believed that these will have negligible
effect.

Likewise, for the false alarms, the union Hq ; U... U Hy ;
expressed as the disjoint union of Hy, j, Hr—1,; N HEJ, el
Hij; NHS; N...N'H ;, has the improved upper-bound for
its indicator given by the sum

1'Hk,j + I’kal,jﬂ'f‘liﬁj + ...+ 1H1,jﬂH§)j

given by just one half-space indicator and k£ — 1 wedge
indicators. Accordingly, the weighted total fraction of false
alarms f£°! is upper-bounded by the 7 weighted sum of these

indicators for j in other. This leads to improved bounds on
the likely fraction of false alarms from determination of upper
bounds on wedge probabilities.

Accounting with the optional analysis window: In the
optional restriction to terms in the set poty = potentialy
for each step, the ¢y take the same form but with J, =
potgNdecy ,,_; in place of J = JNdec] ; ;. Accordingly the
total weighted count of correct detections qm =q¢1+...+qk

takes the form
Z 7T71{Uk’Hk’J}’

j sent

Afof

where the union for term j is taken for steps in the set
{k' < k :j € poty }. These unions are non-empty for the
terms j in potiy = poty U ... U pot,. For terms in sent
we will be arranging that for each j there is, as k' increases,
an increasing probability (of purified approximations) of the
set Hy ;. Accordingly, for a lower bound on the indicator of
the union using a single set we use 1y, ~, Where maxy
is the largest of {k' < k : j € pots}. Thus in place of
> j sent Tjln, ;> for the lower bound on the total weighted
fraction of correct detections this leads to

>

jEsentNpoty i

qt > mily

masxy ;.5

Likewise an upper bound on the total weighted fraction of
false alarms is

j€E€othernpoty

j€E€othernpot,

ftot
fko < 7rj17'(1,j +.+ //Tj]‘Hk',j'

Again the idea is to have these simpler forms with single
half-space events, but now with each sum taken over a more
targeted deterministic set, permitting a smaller total false alarm
bound.

In most of the paper we hold off on demonstration of the
benefits of the wedges and of the narrowed analysis window
(or a combination of both). This is a matter of avoiding com-
plication. But we can revisit the matter to produce improved
quantification of mistake bounds.

E. Adjusted sums replace sums of adjustments:

The manner in which the quantities ¢y, . . ., g5 and fh e fk
arise in the distributional analysis of Lemma 2 is through the

sum

~adj,tot ~adj

qk ql 4.+ ~adj

4y

of the adjusted values § f = qk /(14 fi/dx). Conveniently,
by Lemma 4 below, ;""" > g,°" 94 That is, the total of
adjusted increments is at least the adjusted total given by

stot
~tot, adj dy

k 1+ ftot/ stot
which may also be written
(i

Atot ftot
4y + fk

Atot

ftot



In terms of the total weighted count of tests above threshold

acceptiot = Giot + flot it is
~tot,adj _ tot frot | ( wt)z
dy = accept” — 2f; W
Lemma 4: Let f1,...,fr and ¢1,...,gr be non-negative
numbers. Then
g1 9k
1+ fi/¢ L+ fr/ g9k
> g1+ ...+ gk .
T+ (At )/ (9 k)
Moreover, both of these quantities exceed
(gr+.-+gr) = (frt.. + fu)

Proof of Lemma 4: Form py = fi//[f1 + ... + fx] and
interpret as probabilities for a random variable K taking
values &’ from 1 to k. Consider the convex function defined
by ¢¥(z) = x/(1+1/z). After accounting for the normal-
ization, the left side is E[¢(gx/fk)] and the right side is
Y[E(g9x/fK)]- So the first claim holds by Jensen’s inequality.
The second claim is because g/(1+f/g) equals g— f/(1+f/g)
or equivalently g — f + f2/(g+f), which is at least g — f.
This completes the proof of Lemma 4.

This lemma is used to assert that 5, = 1/(1 — G/¥""'v) is
at least 1/(1—g;°""Yv). For suitable weights of combination

this S, corresponds to a total shift factor, as developed in the
next section.

V. SEPARATION ANALYSIS

In this section we explore the extent of separation between
the distributions of the test statistics Z,g%mb for j sent versus
other j. In essence, for j sent, the distribution is a shifted
normal. We arrange for the assignment of the weights A\ used
in the definition of ng’jmb, S0 as to approximately maximize
this shift.

A. The shift of the combined statistic:

Concerning the weights Ay i, A2, ..., Ak,%, for notational
simplicity hide the dependence on k and denote them simply
by A1,..., Ak, as elements of a vector A\. This A is to be a
member of the simplex S, = {\ : A > O,Zz,zl A =1}
in which the coordinates are non-negative and sum to 1.

With weight vector \ the combined test statistic Zi?,?}f takes
the form

Shift)\_’kyj 1{j sent} T Zi?]??]b

where

comb
/\ k,j

=V MZ1j =V eZaj— .. =N ML

For convenience of analysis, it is defined not just for j € Ji,
but indeed for all j € J, using the normal distribution for the
Zy ; discussed above. Here

= Shift)\’k\/ Cj,R,B

Shift,\’k,j

20

where shifty j, is

VAXZ /04 [ Nao X2 n+ S e X2/,

where X2, ., = [|Gy|*/o}. This shifty; would be largest
with Ag/ proport10nal to wk'ank’Jrl

Outside of an exception set A, developed further below,
these ersz' 41 /n are at least 1 —h, with small positive h.
Then shifty j is at least v/1—h times

AW + VAW + ..+ AW

Our test statistic ng’jmb along with its constituent Z,‘éf’;”b
arises by plugging in particular choices of A. Most choices
of these weights that arise in our development will depend
on the data and we lose exact normality of Z,g?jmb. This
matter is addressed using tools of empirical processes, to show
uniformity of closeness of relative frequencies based on Z “””b
to the expectations based on the normal distribution. ThlS
uniformity can be exhibited over all A in the simplex Sj. For
simplicity it is exhibited over a suitable subset of it.

B. Maximizing separation:

Setting Ay equal to Wy /(1 + e + ...+ wy) for &/ < k
would be ideal, as it would maximize the resulting shift factor
VAL V2 Az +. A/ Ay, for A € S, making it equal
VItwat. . +ig = /3, where 8, = 1/(1 — ¢/¥""v) and
Wy = Sy — Spr—1.

Setting Ay proportional to Wy, may be ideal, but it suffers
from the fact that without advance knowledge of sent and
other, the decoder does not have access to the separate values
of (jk = ZjesentﬂJk TFJ']‘Hk‘j and fk = Zj»’:'otherﬂJk leHk,j
needed for precise evaluation of w;. We have devised a
couple of means to overcome this difficulty. The first is
to take advantage of the fact that the decoder does have
accepty, = qx + ]Ek = ZjEJk mj1ly, ;> which is the weighted
count of terms above threshold on step k. The second is
to use computation of ||Gx||?/n which is of X2 _, . /n as
an estimate of o7 with which we can unravel a reasonable
estimate of wy. A third method is to use residuals as discussed
in the appendix, though its analysis is more involved.

C. Setting weights \ based on accepty:

The first method uses acceptys in place of (jz,dj where it
arises in the definition of wys to produce a suitable choice
of Axs. Abbreviate accepty as acci, when needed to allow
certain expressions to be suitably displayed. This accepty
upperbounds §;, and is not much greater that ¢ when suitable
control of the false alarms is achieved.

Recall wy = S — Sx—1 for & > 1 so finding the common
denominator it takes the form

~adj
@ dp—1Y
k = ~adj, ~adj, )
(1= G2 )1 - 45"y)

with the con\{entlon that g5 = 0. Let @ be obtained by
replacing ;. 71 with its upper bound of acci_1 = accepty_1

and likewise replacing ¢¢¥'*" and ¢¥:'" with their upper



bounds acci®, and acci®,, respectively, with accf’® =

Thus as an upper bound on wy set
acCr_1V
tot tot .\’
(1 —accl?,v)(1 — accl?t, v)

~acc

u)k ==

where for k = 1 we set w;°® =y, = 1. For k > 1 this @y

1
is also 1 1

_ tot
1 —acci™

9 tot °
1V 1 —acc?,v

Now each accepty exceeds qk/J and is less than (jg,j + 2 fur.
Then set Ay proportional to w{“. Thus

1

Al = nacce nacce
14+wge+. . . +wj

and for k&’ from 2 to k we have

R "G,ICC
At = ~ W —,
1+wgee+. . . +wgee
The shift factor

\/ Aoty + ...+ \ Ak Uy

is then equal to the ratio

14+ /B8y + ... + /Wi iy,
VIF @5+ e

From w{f¢ > - the numerator is at least 144+ . Ay, = 3y,
equalhng 1/(1 — (Y AGY ), which per Lemma 4 is at
least 1/(1 — g;°"Y

equals 1/(1 — acci?,

using A is at least

v). As for the sum in the denominator, it
v). Consequently, the above shift factor

_ tot
\/1—acc? v

~tot,adj
1—qg, v

t t

Recognizing that acci®®, and ¢i°, are similar when the false
alarm effects are small it is desuable to express this shift
factor in the form

1 —hyr—
~tot,adj .’
gV

where ﬁﬁk for each k is a small term depending on false
alarms.
Some algebra confirms this is so with

(2= i Jacci?y
1— quiot,adj v

hyw = fi"

which is less than the value 2f/°'v/(1—v) equal to 2f°" snr.
Except in cases of large snr we find this approach to be quite
suitable.

To facilitate a simple empirical process argument, replace
each accy, by its value [acc,L]/L rounded up to a rational
of denominator L for some integer L large compared to k.
This restricts the accy to a set of values of cardinality L

and correspondingly the set of values of accy,...,acck—1
determining w5, . .., w° and hence >\17 .. )\k is restricted
to a set of cardinahty (L)k=1. The resultmg acc®® is then
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increased by at most k/ L compared to the original value. With
this rounding, one can deduce that

hyr < 2ft snr + k/L.

Next we can proceed with defining natural exception sets
outside of which ¢9" is at least a deterministic value gy - and
Lo is not more than a deterministic value fi ;s for each &’
from 1 to k. This leads to § Awt adj being at least q1 k, where

qilullg =qr/(1+ frr/ak)

and hf k is at most hyp = 2f; ; snr, and likewise for each
k' < k. This ¢} 4 is regarded as an adjustment to ¢1,1 due to
false alarms.

When rounding the accy to be rational of denominator I:,
it is accounted for by setting

hir=2f15snr + k/f/

The result is that the shift factor given above is at least

the deterministic value /1 —hyi_1/4/1

adj
—qy 1V near

1/ q;“g 1 V- Accordingly shift; ; ; exceeds the purified
Value
11
\V/ R,B>
1- qu/g v “

where 1—h' = (1 — hy)(1 — h), with b’ = h + hy — hhy,
where hy = hy 1 serves as an upper bound to the hf 1
for all steps k& < m.

D. Setting weights \ based on estimation of oi:

The second method entails estimation of wj; using an
estimate of 7. To develop it we make use of the multiplicative
relationship from Lemma 2,

Sk =8k-1——%

where ACCy—1 = accy1P = 3 4., Py is the un-
normalized weight of terms above threshold on step k£ — 1.
Accordingly, from wy, = §; — S—1 it follows that

. . (ACCk—l )
W =81 | ——— 1],
O

where the positivity of @y corresponds to ACCy_1 > o7.
Also
. H ACCr 1

S =
O-k:/

k'=1
Recognize that each 1/07, = X2_,,./||Gw||*. Again, out-
side an exception set, we may replace each X2 ,, 41 by its
lower bound n(1—h), obtaining the lower bounding estimates

_ow (ACC
Sk—1 5‘2 )

k

,Uf)fcow

where
1 Acc
slow __ k'—1
Sk = %3

we1 o Ok



with
|G |?

n(—h)’ ACCk_l}.

6% = ma {
Initializing with 8w = wlow
glew — glow and hence

= 1 we again have ¥i°¥ =

e e R A

Set the weights of combination to be A = wl9® /5 with
which the shift factor is

low

1+ v wlowUJQ +. Wi

Alow
Sk

Using Wy > Wy, low this is at least
low ~low
1407 4 ...+ Wy /Alow
/§§€0“’ %k
which is /5, times the square root of

i (22)

k=1 n—k’+1

When using this method of estimating w;, augment the excep-
tion set so that outside it one has X?_,, ., /n < (1+h). Then
the above product is at least [(1—h)/(1+h)]*~! and the shift
factor shiftg , is at least

V8k (1=h") adj

— 41 k- 1”

where now 1 — 1/ = /(1+h)*~1. Here the additional
(1—h) factor, as before, 1s to account in the definition of
shift; , for lower bounding the X2 k/+1/” by (1—h).

Whether now the [(1—h)/(1+h)]¥~! is less of a drop than
the (1 — hy) = (1 — 2fx_1snr) from before depends on the
choice of h, the bound on the false alarms, the number of
steps k and the signal to noise ratio snr.

Additional motivation for this choice of 5% comes from
consideration of the tests statistics Z7 = X[ resy/|[resk||
formed by taking the inner products of X; with the stan-
dardized residuals, where res;. denotes the difference between
Y and its projection onto the span of Fy,Fy,... Fyp_q. It
is shown in the appendix that these statistics have the same
representation but with A\, = wy//sg, for k' < k, where
sk = ||Y]|?/||resk|* and wy = s — sp_1, again initialized
with s; = w; = 1. In place of the iterative rule developed
above

A ACCyr—y ACCy_ 1X k41
8k = 8k-1 o2 Sk—1 TENE ;
these residual-based s are shown there to satisfy

 EBa)?
S TeA

where Fk,l is the part of Fj_; orthogonal to the previous
Fk/ for k’:l,...,k—Q.
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Intuitively, given that the coordinates of X are i.i.d. with
mean 0 and variance 1, this ||Fj_;||*> should not be too
different from || F;,_1||?> which should not be too different from
n ACCy_1. So these properties give additional motivation for
our choice. It is also tempting to try to see whether this A based
on the residuals could be amenable to our method of analysis.
It would seem that one would need additional properties of
the design matrix X, such as uniform isometry properties
of subsets of certain sizes. However, it is presently unclear
whether such properties could be assured without harming the
freedom to have rate up to capacity. For now we stick to the
simpler analysis based on the estimates here of the wy, that
maximizes separation.

E. Exception events and purified statistics:

Consider more explicitly the exception events
k— ~
Ay = Uk/:11 QItc(/)t <qur}
and
Af = Uk’ 1{ft0t > ka/}.

As we said, we also work with the related events
k—1 g4 k=17

Up—i{diw < @} and U5 {fie > fiw}
Define the Chi-square exception event Ay to include

U=t { X s /0 < 1=h}

or equivalently U¥, _,{X2 ., /(n—k'+1) < (1—hy)} where
hy is related to h by (n—k'+1)(1—hg ) = n(1—h). For the
second method it is augmented by including also

Uk {X2 ga /n > 14h}.

The overall exception event is A = A, U Ay U A;. When
outside this exception set, the shift; , j exceeds the purified
value given by

) 1—-h
Shlftkﬂ' = 71 qad] 5 \/Cj,R,B-
1,k—1

Recalling that C; g p = m;vL(log B)/R the factor 1—h’ may
be absorbed into the expression by letting

Cj,R,B’h == O],R,B (]. - h/) .
Then the above lower bound on the shift may be expressed as

Cjr,B,h
1—zv

evaluated at x = qfcg 1

For A in Sy, set H) ; ; to be the purified event that the
approximate combined statistic shifty, ; 1 sent + Zﬁo,z”}’ is at
least the threshold 7. That is,

. b
HA,k,j = {Shlftk,jlj sent + Z)C\?]??j > 7-}7

where in contrast to Hj, ; = {ng’jmb > 7} we use a standard
rather than a calligraphic font for this event H) ; ; based on
the normal Z§ C"mb with the purified shift.

Recall that the coordinates of our A, denoted Ay j for k' =
1,2, ...k, have dependence on k. For each k, the Ay ; can be



determined from normalization of segments of the first & in
sequences wi, Wa, . .., W,, of positive values. With an abuse
of notation, we also denote the sequence for k =1,2,...,m

of such standardized combinations Zﬁo,’fjb as

,/wlZLj — ,/’LUQZQJ' — ... \/wkZ;w-

\/’LU1+U}2—|—...—|—’LUk

In this case the corresponding event H) j ; is also denoted
H w,k,j-

Except in A, U Ay U Ay, the event Hy, ; contains H/\ K
also denote as Hwacc k,j OF Hytow j g respectively, for the two
methods of estimating w.

Also, as for the actual test statistics, the purified forms
satisfy the updates

comb __ cmnb
23k = VE= MINED

where A\, = Ap .

comb __
Lk =

\/>Zk,]

F. Definition of the update function:

Via C; gr,p the expression for the shift is decreasing in
R. Smaller R produce a bigger shift and greater statistical
distinguishability between the terms sent and those not sent.
This is a property commensurate with the communication
interest in the largest R for which after a suitable number
of steps one can reliable distinguish most of the terms.

Take note for j sent that shift, ; is equal to

Cj.r.B.h
(@) =\ 50
evaluated at v = qidg_l. To bound the probability with which
a term sent is successfully detected by step k, we are motivated

to examine the behavior of

D(pj(x) — 1)

which, at that z, is the Q probability of the purified event
H) 1 ; for j in sent, based on the standard normal cumulative
distribution of Zf\f’,:’ff. This ®(u;(x) — 7) is increasing in z.

For constant power allocation the contributions ®(u; (z)—7)
are the same for all j in sent, whereas, for decreasing power
assignments, one has a variable detection probability. Note that
it is greater than 1/2 for those j for which 11;(x) exceeds 7. As
x increases, there is a growing set of sections for which p;(z)
sufficiently exceeds 7, such that these sections have high Q
probability of detection.

The update function g, (z) is defined as the = weighted
average of these ®(u;(x) — 7) for j in sent, namely,

gr(@) = Y m®(u(x) —7),
j sent
an L term sum. That is, it is the Q expectation of the weighted
fraction ), ..., mj1lm, , , for any A in Sy. The idea is that for
any given z this weighted fraction will be near gy, (z), except
in an event of exponentially small probability.

This update function gz, on [0, 1] indeed depends on the
power allocation 7 as well as the design parameters L, B,
R, and the value a determining 7 = /2log B + a. Plus it
depends on the signal to noise ratio via v = snr/(1 4 snr).
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The explicit use of the subscript L is to distinguish the sum
g1 (x) from an integral approximation to it denoted ¢ that will
arise later below.

VI. DETECTION BUILD-UP WITH FALSE ALARM CONTROL

In this section, target false alarm rates are set and a
framework is provided for the demonstration of accumulation
of correct detections in a moderate number of steps.

A. Target false alarm rates:

A target weighted false alarm rate for step k arises as a
bound f* on the expected value of > .. Tjlu This
expected value is (B — 1)®(7), where ®(7) is the upper
tail probability with which a standard normal exceeds the
threshold 7 = /2log B + a. A tight bound is

(\/WgBlJra)\/ﬂeXp{ —ay/2log B — (1/2)a’}.

We have occasion to make use of the similar choice of f*
equal to

w,j,k*

1
(V3Tos B)var exp { a\/2logB}.

The fact that these indeed upper bound B®(7) follows from

®(x) < ¢(x)/x for positive x, with ¢ being the standard

normal density. Likewise set f > f*. We express f = pf*

with p > 1.

Across the steps k, our choice of constant a; = a produces
constant f = f* with sum f;, equal to kf*. Furthermore,
set f1,x > f] ), which arises in upper bounding the total false
alarm rate. In particular, we may arrange for the ratio f7 ,/ ITk
to be at least as large as a fixed p > 1.

At the final step m, we let

fr=fm=mf
be the baseline total false alarm rate, and use f = fim.
typically equal to pf*, to be a value which will be shown
to likely upper bound >, /., milum  H, ;.-

As will be explored soon, we will need fi to stay less
than a target increase in the correct detection rate each step. As
this increase will be a constant times 1/ log B, for certain rates
close to capacity, this will then mean that we need f and hence
f* to be bounded by a multiple of 1/log B. Moreover, the
number of steps m will be of order log B. So with f* = mf*
this means f* is to be of order 1/(log B)?. From the above
expression for f*, this will entail choosing a value of a near

(3/2)(loglog B)/~/21log B.

B. Target total detection rate:
A target total detection rate g7 ;, and the associated values

¢, and q‘ff are recursively defined using the function gy (z).
In particular, per the preceding section, let

L=

j sent

7 ®(shift, ; — 7)



which is seen to be

4k = 9r(x)

evaluated at v = qi“ff_l. The convention is adopted at k =1

that the previous g1 and z = q‘fcg_l are initialized at 0. To
complete the specification, a sequence of small positive 7 are
chosen with which we set

qQuk =1 — k-

For instance we may set 7, = 7). The idea is that these 7 will
control the exponents of tail probabilities of the exception set
outside of which ¢i°* exceeds gy,. With this choice of gy

and f;  we have also

qf:ilg =qr/(1+ fir/q )

Positivity of the gap g1, (z) — « provides that qi j is larger
than q‘f’d,zfl. As developed in the next subsection, the contri-
butions from 7 and f; 5 are arranged to be sufficiently small
that qfdg and ¢ j are increasing with each such step. In this
way the analysis will quantify as x increases, the increasing

proportion that are likely to be above threshold.

C. Building up the total detection rate:

Let’s give the framework here for how the likely total correct
detection rate ¢; ; builds up to a value near 1, followed by
the corresponding conclusion of reliability of our adaptive
successive decoder. Here we define the notion of correct
detection being accumulative. This notion holds for the power
allocations we study.

Recall that with the function gz, (x) defined above, for each
step, one updates the new ¢y, by choosing it to be slightly less
than ¢} ,, = gL(qf”d,gfl). The choice of ¢y is accomplished
by setting a small positive 7 for which g1, = qf , — M-
These may be constant, that is 7, = 7, across the steps k =
1,2,...,m.

There are slightly better alternative choices for the
motivated by the reliability bounds. One is to arrange for
D(qu.xllq5 ;) to be constant where D is the relative entropy
between Bernoulli random variables of the indicated success
probabilities. Another is to arrange 7, such that 7/ V'V is
constant, where Vi, = V() evaluated at « = qid,g_l, where

V(@)/L = ) m®(u;(x)®(u;(2)).

j sent

This Vj,/L may be interpreted as a variance of ¢y as devel-
oped below. The associated standard deviation factor /V (z)
is shown in the appendix to be proportional to (1 — zv). With
evaluation at x = q‘llfi]g_l, this gives rise to 7, = n(x) equal
to (1 — zv) times a small constant.

How large we can pick 7, will be dictated by the size of
the gap g (z) —z at x = qid,g_l.

Let 2* be any given value between 0 and 1, preferably not
far from 1.
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Definition: A positive increasing function g(z) bounded by
1 is said to be accumulative for 0 < x < z* if there is a
function gap(x) > 0, with

g(x) —x > gap(z)

for all 0 < z < z*. An adaptive successive decoder with rate
and power allocation chosen so that the update function gy, ()
satisfies this property is likewise said to be accumulative. The
shortfall is defined by 6* =1 — g (z*).

If the update function is accumulative and has a small
shortfall, we demonstrate, for a range of choices of 7 > 0 and
fie > f1* %> that the target total detection rate gy j, increases
to a value near 1 and that the weighted fraction mistakes is
with high probability less than 0, = (1 — ¢1,x) + f1,%- This
mistake rate Jy, is less than 1—z* after a number of steps, and
then with one more step it is further reduced to a value not
much more than §* = 1 — g (z*), to take advantage of the
amount by which g, (z*) exceeds x*.

The tactic in providing good probability exponents will be
to demonstrate, for the sparse superposition code, that there is
an appropriate size gap. It will be quantified via bounds on the
minimum of the gap or the minimum of the standardized gap,
gap(z)/(1 —zv), where the minimum is taken for 0 <z <z*.

The following lemmas relate the sizes of 7 and f and the
number of steps m to the size of the gap.

Lemma 5: Suppose the update function gr,(z) is accumu-
lative on [0, 2*] with g1 (z) — x > gap for a positive constant
gap > 0. Arrange positive constants n and f and m* > 2,
such that

n+f+1/(m*—1) = gap.

Suppose f1 < f as arises from f = f or from f1 = kf
for each k < m* with f = f/m*. Set ¢, = ¢}, — n. Then
g1,k 18 increasing on each step for which q17k_17 — fig—1 <
2*, and, for such k, the increment q;  — ¢1 x—1 is at least
1/(m*—1). The number of steps k = m —1 required such
that ¢; ; — f1, first exceeds x*, is bounded by m*—1. At the
final step m < m*, the weighted fraction of mistakes target
Om = (1—q1,m) + f1,m satisfies

Om < 0" +n+ f.

The value d,, = (1—q1,m) + fi.m is used in controlling
the sum of weighted fractions of failed detections and of false
alarms.

In the decomposition of the gap, think of n and f as
providing portions of the gap which contribute to the proba-
bility exponent and false alarm rate, respectively, whereas the
remaining portion controls the number of steps.

The following is an analogous conclusion for the case of
a variable size gap bound. It allows for somewhat greater
freedom in the choices of the parameters, with n, and fi x
determined by functions 7)(x) and f(z), respectively, evaluated
atz = g¢tY_ .

Lemma 6: Suppose the update function is accumulative on
[0,2*]. Choose positive functions 7(x) and f(x) on [0,z*]

with gap(xz) — n(x) — f(z) not less than a positive value



denoted gap'. Suppose g1 x = g ;, — K Where 7y < U(Qidlgq)

and f; < f('qf_’d,z_l). Then q1.5x — g1,6,—1 > gap’ on each step
for which q‘lld,g_l < 2* and the number of steps k such that the

qfd,g first exceeds x* is bounded by 1/gap’. With a number of
steps m < 14 1/gap’, the 6,, = (1 — q1,m) + f1,m satisfies

§m S o* +77m +f1,m-

The proofs for Lemmas 5 and 6 are given in Appendix III.
One has the choice whether to be bounding the number of
steps such that qidg first exceeds =* or such that the slightly
smaller value ¢ , — f1 first exceeds 2*. The latter provides
the slightly stronger conclusion that J, < 1—x*. Either way,
at the penultimate step qid,g is at least x*, which is sufficient
for the next step m = k + 1 to take us to a larger value of
qi,m at least gp(z*). So either formulation yields the stated
conclusion.

Associated with the use of the factor (1 — zv) we have the
following improved conclusion, noting that GAP is necessar-
ily larger than the minimum of gap(z).

Lemma 7: Suppose that g7 (x) — x is at least gap(x) =
(1 —a2v)GAP for 0 < z < x* with a positive GAP. Again
there is convergence of g to values at least z*. Arrange
positive 7nstq and m* with

log1/(1—x*)

m*—1
Set n(z) = (1 —2v)ngq and f < (1—v)GAP' with GAP' =
logl/(1—a*)]/(m* — 1) and set n, = n(x) at x = ?ij_l
and f1 5 < f . Then the number of steps k =m — 1 untii Tr
first exceeds z* is not more than m* — 1. Again at step m the
6m = (1 — qim) + f1,m satisfies 0,,, < 8% + 0 + f.

GAP = Nstd +

Proof of Lemma 7: We have
q1,k = gL(q;d/gq) - 77(‘1??/371)
at least
q?filgq +(1- q(ffijily)(GAP — Nstd)-
Subtracting f as a bound on f; , it yields
Q?,dlg > Qf,dlgq + (1 - (Jfflszl)vGAP’-
This implies, with 2, = g} and ¢ = v GAP’, that
2k > (1—€)ap—1+e€
or equivalently,
(I—z) <(1—6)(1 —z_1),

as long as xx_1 < z*. Accordingly for such k, we have the
exponential bound

(1 _xk) < (1_6)k < e—ek _ e—uGAP’k

and the number of steps £ = m — 1 until xj, first exceeds z*
satisfies

< log1/(1—x*)

log1/(1—x*)
log 1/(1—c) =

vGAP
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This bound is m* — 1. The final step takes gj ,, to a value
at least gr,(z*) so 8, < 8* + 1y, + f1,m- This completes the
proof of Lemma 7.

The idea here is that by extracting the factor (1—zv), which
is small if x and v are near 1, it follows that a value GAP
with larger constituents 7., and GAP’ can be extracted than
the previous constant gap, though to do so one pays the price
of the log1/(1—x*) factor.

Concerning the choice of f; ;, consider setting f; 5 = f
for all k from 1 to m. This constant f; ; = f remains bigger
than f;, = kf* with minimum ratio f/f* at least p > 1.
To give’ a reason for choosing a constant false alarm bound,
note that with f equal to fi,, = f it is greater than
fim= f*, which exceeds f1y for k < m. Accordingly, the
relative entropy exponent (B —1)D(p1,kllp] ;) that arises in
the probability bound in the next section is smallest at &k = m,
where it is at least f D(p)/p, where D(p) is the positive value
plogp—(p—1).

In contrast, one has the seemingly natural choice f; , = kf
of linear growth in the false alarm bound, with f = f*p. It
is also upper bounded by f for k& < m and has constant ratio
fix/ J1x equal to p. It yields a corresponding exponent of
kfD(p)/p for kK = 1 to m. However, this exponent has a
value at k£ = 1 that can be seen to be smaller by a factor
of order 1/m. For the same final false alarm control, it is
preferable to arrange the larger order exponent, by keeping
D(p1,klpT ) at least its value at k = m.

VII. RELIABILITY OF ADAPTIVE SUCCESSIVE DECODING

Here we establish, for any power allocation and rate for
which the decoder is accumulative, the reliability with which
the weighted fractions of mistakes are governed by the studied
quantities 1 — g1 4, plus fi1,,. The bounds on the probabilities
with which the fractions of mistakes are worse than such tar-
gets are exponentially small in L. The implication is that if the
power assignment and the communication rate are such that
the function gy, is accumulative on [0, z*], then for a suitable
number of steps, the tail probability for weighted fraction of

mistakes more than 6 = 1 — g1, (z*) is exponentially small in
L.

A. Reliability using the data-driven weights:

In this subsection we demonstrate reliability using the data-
driven weights A in forming the statistic Z,g‘f’]?"'b. Subsection
VII-B discusses a slightly different approach which uses deter-
ministic weights and provides slightly smaller error probability
bounds.

Theorem 8: Reliable communication by sparse superposi-
tion codes with adaptive successive decoding. With total false
alarm rate targets fi > f7, and update function g, set
recursively the detection rate targets ¢i , = gL(qilfg_l) — ks
with 75 = g7 ;, — g1, > 0 set such that it yields an increasing
sequence ¢ for steps 1 < k < m. Consider Sm, the
weighted failed detection rate plus false alarm rate. Then
the m step adaptive successive decoder incurs dm less than



Om = (1—q1,m) + f1,m, except in an event of probability with
upper bound as follows:

D

T

[e—LwD(ql,knqr,m(k—l) log i)mk}

NE

n [efLABfl)D(m,kup;,k>+<k71>1ogi]

>
Il

1

+ e~ (k1) Dpy, ’

where the terms correspond to tail probabilities concern-
ing, respectively, the fractions of correct detections, the
fractions of false alarms, and the tail probabilities for
the events {||G||?/o? <n(1—h)}, on steps 1 to m. Here
Lr =1/ max; 7;. The py i, p ;, equal the corresponding
fi,ks f1 ), divided by B—1. Also D}, = —log(1—h)—h
is at least h2/2. Here hy = (nh—k+1)/(n—k+1), so
the exponent (n—k+1) Dy, is near nDp, as long as k/n
is small compared to h.

II) A refined probability bound holds as in I above but with
exponent
2
I M
Vi + (1/3)mi(L/ L)

in place of L. D(qi x||qf ;) for each k =1,2,....m

Corollary 9: Suppose the rate and power assignments of
the adaptive successive code are such that g7, is accumulative
n [0,z*] with a positive constant gap and a small shortfall
§* = 1 — gr(«*). Assign positive 7y = 7 and f1, = f and
m > 2 with 1 — g1, < 0* + 1. Let D(p) = plogp — (p—1).
Then there is a simplified probability bound. With a number
of steps m, the weighted failed detection rate plus false alarm
rate is less than §* 4+ 7 + f, except in an event of probability
not more than,

—2L.n?+mco+log L] —LfD(p)/p+mlog L

me + me

+m67(n%1)h3n/2.

The bound in the corollary is exponentially small in 2L7T77
if h is chosen such that (n—m-+1)h2, /2 is at least 2L, n? and
p>1and f are chosen such that f [logp — 1+1/p] matches
2n2.

Improvement is possible using II when we find that Vj
is of order 1/y/log B. This produces a probability bound
exponentially small in Ln?(log B)'/? for small 7.

Proof of Theorem 8 and its Corollary: False alarms occur
on step k, when there are terms j in other N Jj for which
there is occurrence of the event Hj ;, which is the same
for such j in other as the event Hyaccy ;, as there is no
shift of the statistics for j in other. The weighted fraction of
false alarms up to step k is fi + ...+ fx with increments
fr = > jcothern, TilH, ;- ThlS increment excludes the
terms in dec j—; which are prev10usly decoded. Nevertheless,
introducing assocnated random variables for these excluded
events (with the distribution discussed in the proof of Lemmas
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1 and 2), we may regard the sum as the weighted fraction of
the union . ... ﬂjluz s,

Recall, as previously dlscussed for all such j in other, the
event H,, ;/ ; is the event that qu‘f};}f’j exceeds 7, where for
each w = (1, ws, ws, ..., wg), the qu‘jgff’j are standard normal
random variables, independent across j in other. So the events
UZ,:lH w,k',; are independent and equiprobable across such j.
Let pi be thelr probability or an upper bound on it, and let
Pk > DIy Then Af ) = {f,ﬁ"t > f1.r} is contained in the
union over all possible w of the events {py, 1,k >p1x} Where

pw,l,k B 1 Z 77] k/ 1 w k!
jE€other
With the rounding of the accj to rationals of denominator
L, the cardinality of the set of possible w is at most L+,
Moreover, by Lemma 47 in the appendix, the probability of
the events {py, 1,5 > p1,k} is less than e L (B1)D@1kllpi k)
So by the union bound the probability of {f°* > f, .} is less

than
(i)k—le—Lw(B—l)D(Pl.k IpT %)

Likewise, investigate the weighted proportion of cor-
rect decodings ¢.o' and the associated values ¢ =
> j sent Tj IHx,k,j which are compared to the target values g
at steps k = 1 to m. The event {¢1 x < g1} is contained in
Fi. so when bounding its [P probability, incurring a cost of a
factor of e#“, we may switch to the simpler measure Q.

Consider the event A = UJ* ; Ay, where Ay, is the union of
the events {15 < g1} {f{0> fie} and {X2 ., /n<1-h}.
This event A may be decomposed as the union for £ from 1 to
m of the disjoint events Ay, ﬁ’,z,_ll AS,. The Chi-square event
may be expressed as Aj j = {X?_, . /(n—k+1) <1—hy}
which has the probability bound

e—(n—k—‘,—l)th .

So to bound the probability of A, it remains to bound for k
from 1 to m, the probability of the event

Ak ={q1k <@ e} N Af me_:ll Ajr

In this event, with the intersection of A¢, for all &’ < k and
the intersection with the Chi-square event Aj ,, the statistic
Z,‘éojmb exceeds the corresponding approximation

adj

where s, = 1/[1 — ¢} _,v]. There is a finite set of possible
e associated with the grid of values of accy,...,accp—1
rounded to rationals of denominator L. Now Aqg 1 is contained
in the union across possible w of the events

comb
j R,B,h ]-j sent + Zwacu k.o

{Gwik < @11}

where
Quw,1,k = E le{zgf;gfgzak,j}'

j sent

Here ai; = 7 — /s v/Cj,r,B,1- With respect to Q, these

Zgj’}g’;’ are standard normal independent across j, so the

Bernoulli random variables 1¢ 250w >an, ;) have success prob-
ability ®(ax,;) and accordingly, with respect to Q, the Gy 1,



has expectation ¢;, = >, ..., 7j®(ax ;). Thus, again by
Lemma 47 in the appendix the probability of

Q{Guwak<aq1x}

is not more than
e~ LxD(a1kllai x)

By the union bound we multiply this by (L)*~' to bound
Q(Aq,x). One may sum it across k to bound the probability
of the union.

The Chi-square random variables and the normal statistics
for j in other have the same distribution with respect to P
and Q so there is no need to multiply by the e“* factor for
the Ay, and A contributions.

The event of interest

qtot = {tht < qum}

is contained in the union of the event Agro: NA7 1 NAFNA]
with the events A, ,,,—1, A, and Ay, where A, = UJL | Ay
and Ay = U}" Ay . The three events A, ,,—1, Ay and Ay
are clearly part of the event A which has been shown to have
the indicated exponential bound on its probability. This leaves
us with the event

Agior (VA 0y MAG N AS,

Now, as we have seen, ¢°' may be regarded as the weighted
proportion of of occurrence the union U} ;H} ; which is at
least >, s Tjl2,, ;- Outside the exception sets Aj, Ay and
Agm—1, it is at least §i,;m = > st TjlHyace ,, ;- With the
indicated intersections, the above event is contained in A, ,,, =
{¢G1.m < ¢1.m}, which is also part of the event A. So by
containment in a union of events for which we have bounded
the probabilities, we have the indicated bound.

As a consequence of the above conclusion, outside the event
A, at step kK = m, we have ¢'°* > ¢ ,. Thus outside A
the weighted fraction of failed detections, which is not more
than 1 — §y ,,, is less than 1—gy ,,,. Also outside A, we have
that the weighted fraction of false alarms is less than fi .
So the total weighted fraction of mistakes Sm is less than
5m = (17q1,m) + fl,m-

In these probability bounds the role in the exponent of
D(g|lg*) for numbers ¢ and ¢* in [0, 1], is played the rel-
ative entropy between the Bernoulli(q) and the Bernoulli ¢*
distributions, even though these q and ¢* arise as expectations
of weighted sums of many independent Bernoulli random
variables.

Concerning the simplified bounds in the corollary, by
the Pinsker-Csiszar-Kulback-Kemperman inequality, special-
ized to Bernoulli distributions, the expressions of the form
D(q||q*) in the above, exceed 2(q — ¢*)?. This specialization
gives rise to the e —2L=1 bound when the q1,% and Gy i differ
from g7 by the amount 7).

The e~2E+"" bound arises alternatively by applying Ho-
effding’s inequality for sums of bounded independent random
variables to the weighted combinations of Bernoulli random
variables that arise with respect to the distribution Q. As an
aside, we remark that order n? is the proper characterization
of D(qg||g*) only for the middle region of steps when g7 ;
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is neither near 0 nor near 1. There are larger exponents
toward the ends of the interval (0, 1) because Bernoulli random
variables have less variability there.

To handle the exponents (B—1)D(p||p*) at the small values
p=p1k = fr,e/(B-1) and p* = pj , = f7/(B—1), we use
the Poisson lower bound on the Bernoulli relative entropy,
as shown in the appendix. This produces the lower bound

(B=1)[p1,x log p1,k/p7 1, + PI ;, — P1,k] which is equal to
frelog fir/fin + fie — ik

We may write this as f; , D(py) or equivalently f1 xD(pk)/pk
where the functions D(p) and D(p)/p =logp+1—1/p are
increasing in p > 1.

If we used f1 = kf and ff, = kf* in fixed ratio p =
f/f*, this lower bound on the exponent would be kf D(p)/p
as small as f D(p)/p. Instead, keeping f1 x locked at f, which
is at least f*p, and keeping Jik = kJ* less than or equal to
mf* = f*, the ratio p; will be at least p and the exponents
will be at least as large as f D(p)/p.

Finally, there is the matter of the refined exponent in II.
As above proof the heart of the matter is the consideration of
the probability Q{Gw,1,x < q1,x}. Fix a value of k between
1 and m. Recall that Gu,1k = D ;s TjlH, - SO We
wish to bound the probability of the event that the sum of
the independent random variables &§; = —7; (1g,, ., — ®;)
exceeds 7, where ®; = ®(shift j — 7) = Q(H,x ;) provides
the centering so that the £; have mean 0. We recogmze that
@, is ®(p;(z)) =1 —®(u;(w)), evaluated at z = q1 7, and it
is the same as used in the evaluation of the g7 ;, the expected
value of Gy 1%, which is gr(x). The random variables &
have magnitude bounded by max; 7; = 1/L, and variance
v; = w2 ®;(1 — ®;). Thus we bound Q{Guw,1,kx < q1,x} by
Bernstein’s inequality, where the sums are understood to be
for j in sent,

7]2
oS0 2 <o { gy |

where here n = 0y is the dlfference between the mean g7
and q1x and V/L =3 v; =3, 77 29;(1 — ;) is the total
variance. It is Vi /L given by

= 3wy (@)1 -
adj

evaluated at ¢} _;.

D(p;())

This completes the proof of Theorem 8.

If we were to use the obvious, but crude, bound on the total

variance of (max; m;) >, m;j1/4 = 1/(4L) the result in II

would be no better than the exp{—2L,n?} bound that arises
from the Hoeffding bound.

The variable power assignment we shall study arranges
®,;(1-®;) to be small for most j in sent. Indeed, a comparison
of the sum V' (z)/L to an integral, in a manner similar to the
analysis of gr(z) in an upcoming section, shows that V (z)
is not more than a constant times 1/7, which is of order
1/+/log B, by the calculation in Appendix IX. This produces,
with a positive constant const, a bound of the form

exp {—consthin {n,nQ\/logB}} .



Equivalently, in terms of n = (Llog B)/R the exponent is a
constant times n min{n?/y/log B, n/log B}. This exponential
bound is an improvement on the other bounds in the Theorem
8, by a factor of y/log B in the exponent for a range of values
of n up to 1/+/log B, provided of course that we arrange 1 <
gap to permit the required increase in gy ;. For our best rates,
we will need 7 to be of order 1/log B, to within a loglog
factor, matching the order of C—R. So this improvement brings
the exponent to within a y/log B factor of best possible.

Other bounds on the total variance are evident. For instance,
noting that 3, m;®;(1—®;) is less than both }_, m;®; and
S, (1 — )}, it follows that

V(z)/L < (1/Lx) min{gr (2),1 — gr(2)}-

This reveals that there is considerable improvement in the
exponents provided by the Bernstein bound for the early and
later steps where g (z) is near 0 or 1, even improving the
order of the bounds there. This does not alter the fact that we
must experience the effect of the exponents for steps with
x near the middle of the interval from O to 1, where the
previously mentioned bound on V(z) produces an exponent
of order Ln?y/log B.

For the above, we used data-driven weights A, with which
the error probability in a union bound had to be multiplied by
a factor of ﬂk_l, for each step k, to account for the size of
the set of possible weight vectors.

Below we describe a slight modification to the above pro-
cedure using deterministic A that does away with this factor,
thus demonstrating increased reliability for given rates below
capacity. The procedure involves choosing each decy to be a
subset of the terms above threshold, with the m weighted size
of this set very near a pre-specified value pacey.

B. An alternative approach:

As mentioned earlier, instead of making decy, the set of
decoded terms for step k, to be equal to threshy, we take
decy, for each step to be a subset of threshy so that its size
accepty, is near a deterministic quantity which we call pacey.
This will yield a sum accepti® near ZZ,_l pacey: which we
arrange to match ¢; ;. Again we abbreviate accepti® as acci®
and accepty, as accy. ‘ .

In particular, setting pacey, = ¢}¥ — ¢iY_, the set decy, is
chosen by selecting terms in J that are above threshold, in
decreasing order of their Zcojmb values, until for each k the
accumulated amount nearly equals g; ;. In particular given
acct®t |, one continues to add terms to accy, if possible, until

their sum satisfies the following requirement,
@1Y —1/Lr < accl < q}Y,

where recall that 1/L,. is the minimum weight among all j in
J. It is a small term of order 1/L.

Of course the set of terms thresh; might not be large
enough to arrange for accept; satisfying the above require-
ment. Nevertheless, it is satisfied, provided

+ Z ad]

jEthreshy,
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or equivalently,

>

JjE€dect,k—1

7Tj+ 7Tj17-lk7 >qad7

>

j€J—decy k-1

Here for convenience we take decy = dec; o as the empty set.

To demonstrate satisfaction of this condition note that the
left side is at least the value one has if the indicator 13, ,
is imposed for each j and if the one restricts to j in sent,
which is the value G{%"® = Y. .., 1n, . Our analysis
demonstrates, for each k, that the inequality

~above

A > qik

holds with high probability, which in turn exceeds qid,g. So
then the above requirement is satisfied for each step, with high
probability, and thence accy matches pacey, to within 1/L..

This ¢ A“b"“e corresponds to the quantity studied in the
previous sectlon, giving the weighted total of terms in sent
for which the combined statistic is above threshold, and it
remains likely that it exceeds the purified statistic ¢ ;. What
is different is the control on the size of the previously decoded
sets allows for constant weights of combination.

In the previous procedure we employed random weights
Wi in the assignment of the Ay x, Aok, ..., Ar,x used in the
definition of chmb and Z; comb , Where we recall that W =
1/(1—accttv)—1/(1— acc}c"tzy) Here since each acc’,;"t
is near a determlmstlc quantity, namely q1 ., we replace W
by a deterministic quantity wj, given by,

§ 1 1
Wy = adj o adj ’
(1_‘1151) (1- (hng)
and use the corresponding vector A* with coordinates Ay, , =
wi /[1+ws + ... +wp] for k' =1 to k.
Earlier we demonstrated that wy, < wWg, which allowed
us to quantify the shift factor in each step. Analogously,

we have the following result for our current procedure using
deterministic weights.

Lemma 10: For k' < k, assume that we have arranged
decoding sets decy i/ so that the correspondmg acctdt takes

value in the interval <q1 v —1/Lr, q1 k . Then
Wy, < wy, + €1,

where €; = v/(L,(1-v)?) = snr(1+snr)/L, is a small term
of order 1/L. Likewise, Wy < wy, + €1 holds for k' <k as
well.

Proof of Lemma 10: The ¢+ and fk/ are the weighted sizes of
the sets of true terms and false alarms, respectively, retaining
that which is actually decoded on step k', not merely above
threshold. These have sum §¢x + fk/ = accy, nearly equal to

pacey:, taken here to be qfd,g, qli_ . Let’s establish the
inequalities
‘jllld] +...+ ﬁZdjl qlll,dlgﬂ
and
@Zdjl < q?,dkjfl qiwllg o+ 1/Lr.

The first inequality uses that each ¢’ is not more than g

which is not more than §x + fxs, equal to accys which sums



tot

to acc”, not more than q1 .. The second inequality is

a consequence of the fact that ¢V, < acci®t, — accit,.

Using the bounds on acci®; and accl®, gives that claimed

inequality.
These two inequalities yield
adj adj
< (4151 — Qo + 1/La)v
— adj :
(1- q17k711/)(1 - q1,572y)

The right side can be written as,

S
ES

1 L 1/L.v
adj adj adj adj
1_‘111? 1V 1 qllg v (1- qllg )= q11§ 2’/)

Now bound the last term using q1 %1 and q1 I_o less than 1
to complete the proof of Lemma i0.

Define the exception set Ag gpove = Uk, 1 (j‘llblg,”e < qi '}
In some expressions We will abbreviate above as abv. Also
recall the set Ay = U¥ ! {9 > f1 v }. For convenience we
we suppress the dependence on £ in these sets.

Out51de of Ay abv, We have qu];’, at least ¢; 5y and hence at

least ql,k’ for each 1 < k’ < k, ensuring that for each such &’
one can get decoding sets decys such that the corresponding
accidt is at most 1/ L, below q‘id]g,. Thus the requirements of
Lemma 10 are satisfied outside this set.

We now proceed to lower bound the shift factor for step k
outside of Ay by U Ay.

For the above choice of A = A* the shift factor is equal to
the ratio

V1+ws +

Using the above lemma and the fact that va — b > /a — /b,
we get that the above is greater than or equal to

UA)ka

*
. twg

14+we +...+ Wi _Ja VW2 + ..+ Vg
VIFws+ . Fuwf VIFwy+. +uwp

Now use the fact that

\/’11)2+...+\/’Lz)kS\/E\/UA)Q+...+UA)]€

to bound the second term by e = ,/e1Vk+/v/(1—v) which
is snry/(14+snr)k/Ly, a term of order near 1/v/L. Hence

the shift factor is at least,

Lty +. .+l

VIitwst.. tws
Consequently, it is at least

4
1- q?lﬁ i
Lot

where recall that Gi°"Y = gtot, /(1 + fiof, /tt,). Here we
have used that 141y + ... + Wy, which is 1/(1—¢l¥""v),

~tot,adj

can be bounded from below by 1/(1—¢,"

4.

v) using Lemma
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Similar to before, we note that ¢¢% | and ¢!°"*% are close

to each other when the false alarm effects aIe small. Hence
we write this shift factor in the form

1—hyp
1 — qA]tCotlad]

as before. Again we find that
fALfykfl < Qf,gojl snr + €3

outside of the exception set A, q4,. Here

snr
€3 = T + 2e2,
is a term of order 1/v/L.

To confirm the above use the inequality /I —a — v/b >
V1=¢, where ¢ = a + 2vb. Here our a = (q1.5—1 —
(j,tftlad])y/( — Am adj v) and b = e3(1 — qZDtladj ). Noting
that the numerator in a is at most (1/Lr +2fL% — (fio')?)v
outside of A, qp, and that 0 < q,io_t’ladj < 1, one obtains the

bound for ﬁf’k,l.
Next, recall that outside of the exception set Ay U Ay qpo
we have that §/°; > ¢1 ,—1 and f{°"; < f1 x—1. This leads to

the shift factor being at least

where
her =2f1psnr + es3.

As before, we assume a bound f; ; < f, so that hyj is not
more than hy = 2fsnr + €3, independent of k.

As done previously, we create the combined statistics
Zco;”b now using our deterministic A\*. For j in other this
Z“’mb equals Z“’j’"b and for j in sent, when outside the
exceptlon set Agpy = Agapw U Af U Ay, this combination
exceeds

1—-h

/ b
T C]RB]-j sent T Zcom )

=g v

where (1 — h') = (1 — h)(1 — hy) as before, though with
hy larger by the small amount e3. Agaln we have shift;, ; =
VCirBn/(1—2v) evaluated at z = q1 W1, with Cj r B 1
as before.

Analogous to Theorem 8, reliability after m steps of our
algorithm is demonstrated by bound the probability of the
exception set A = Up' | Ay, where Ay is the union of the
events {¢% < quih {F1 > fiu} and {X2 ., /n < 1-h}.
Thus the proof of Theorem 8 carries over, only now we do not
require the union over the grid of values of the weights. We
now state the analogous theorem with the resulting improved
bounds.

Theorem 11: Under the same assumptions as in Theorem
8, our m step adaptive successive decoder, using deterministic
pacing with pacey, = q1.x — ¢1,k—1, incurs a weighted fraction



of errors 4,, less than §,, = fi,m + (1 — q1,m), except in an
event of probability not more than

m

3 {;LWD(ql,kuq;k))ﬂok}

k=1

" Z {E,Lﬂ(B—l)D(ka Hpik)}
k=1

m
+ Z ef(nfkntl)th ,
k=1
where the bound also holds if the exponent L D(q1,/lg7 1)
is replaced by

L Ik .
Vi + (1/3)nk(L/ L)
In the constant gap bound case, with positive  and f and
m > 2, satisfying the same hypotheses as in the previous
corollary, the probability of Om greater than 6* +n + f is not
more than

me_2 L.n?+mco + me—L,rfD(p)/p + me—(n—lm—&-l)hfn/Q.

Furthermore, using the variance V}, and allowing a variable
gap bound gap, < gr(zx) — 2z and 0 < fi1 5 + e < gaps,
with difference gap’ = gapy, — f1x + 7 and number of steps
m < 141/gap’, and with p, = f1 1/ f] ), > 1, this probability
bound also holds with the exponent

L minn}/ [Vi+ (1/3)me(L/Ln)]

in place of 2L,n* and with mingf1 xD(pk)/pr in place of
fD(p)/p, where the minima are taken over k from 1 to m.

The bounds are the same as in Theorem 9 and its corollary,
except for improvement due to the absence of the factors L*~1.
In the same manner as discussed there, there are choices of f s
p and h, such that the exponents for the false alarms and the
chi-square contributions are at least as good as for the ¢ g,
so that the bound becomes

3, e~ 2 L=n” +meo

We remark that that for the particular variable power alloca-
tion rule we study in the upcoming sections, as we have said,
the update function gy, (x) will seen to be ultimately insensitive
to L, with gr,(x) — 2 rapidly approaching a function g(x) — z
at rate 1/L uniformly in z. Indeed, a gap bound for g;, will be
seen to take a form gapy = gap* — 0/L, for some constant
6, so that it approaches the value of the gap determined by
g, denoted gap®, where we note that L and L, agree to
within a constant factor. Accordingly, using gap* — 6/L, in
apportioning the values of 7, f, and 1/(m — 1), these values
are likewise ultimately insensitive to L. Indeed, we shall see
that slight adjustment to the rate allows arrangement of a gap
independent of L.

Nevertheless, to see if there be any effect on the exponent,
suppose for a specified n* that n = n* — /L, represents
a corresponding reduction in 7 due to finite L. Consider the
exponential bound

e~ 2Lxn’
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Expanding the square it is seen that the exponent L, 72, which
is Lr(n*—0/L,)?%, is at least L(n*)? minus a term 20n* that
is negligible in comparison. Thus the approach of 7 to n* is
sufficiently rapid that the probability bound remains close to

what it would be,
e~ 2Lx(n")?

if we were to ignore the effect of the §/L,, where we are
using that L, (n*)? is large, and that n* is small, e.g., of the
order of 1/log B.

VIII. COMPUTATIONAL ILLUSTRATIONS

We illustrate in two ways the performance of our algorithm.
First, for fixed values of L, B, snr and rates below capacity
we evaluate the detection rate as well as the probability
of the exception set P¢ using the theoretical bounds given
in Theorem 11. Plots demonstrating the progression of our
algorithm are also shown. These highlight the crucial role of
the function gy, in achieving high reliability.

Figures 1 and 2 presents the results of computation using
the reliability bounds of Theorem 11 for fixed L and B and
various choices of snr and rates below capacity. The dots

in these figures denotes q‘llij for each k and the step function

joining these dots highlight how qi“g is computed from qf’dgfl.
For large L these q‘f‘g’s would be near ¢ , our lower bound
on the proportion of sections decoded after & passes. In this
extreme case g1, would match gz, (¢q1,5—1), so that the dots
would lie on the function.

For illustrative purposes we take B = 2'6, . = B and
snr values of 1, 7 and 15. For each snr value the maximum
rate, over a grid of values, is determined, for which there is a
particular control on the error probability. With snr =1 (Fig
2), this rate R is 0.3 bits which is 59% of capacity. When snr
is 7 and 15 (Fig 1 and 2) , these rates correspond to 49.5%
and 43.5% of their corresponding capacities.

The error probability is controlled as follows. We arrange
each of the 3m terms in the probability bound to take the same
value, set in these examples to be € = 1075. In particular, we
compute in succession appropriate values of ¢7 , and ff, =
kf*, using an evaluation of the function g (z), an L term
sum, evaluated at a point determined from the previous step,
and from these we determine ¢, ; and fi k.

This means solving for g1 less than ¢, such that
e~ LxD(arllai ) ook equals ¢, and with Pl = fiy/(B-1),
solving for the pix greater than p7 ; such that the correspond-
ing term e~ L (B-DP@LEIPLL) g]50 equals €. In this way, we
are using the largest g  less than qi"k, that is, the smallest
Mk, and the smallest false alarm bound f; j, for which the
respective contributions to the error probability bound is not
worse then the prescribed value.

These are numerically simple to solve because D(g||¢*) is
convex and monotone in ¢ < ¢*, and likewise for D(pl||p*)
for p > p*. Likewise we arrange hy, so that e~ ("—F+1)Dn;
matches e.

Taking advantage of the Bernstein bound sometimes yields
a smaller 7 by solving for the choice satisfying the quadratic
equation Ln?/[Vi,+ (1/3)nx L/ L] = log 1/e+ cok, where V,
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Plots demonstrating progression of our algorithm. (Plot on left) snr = 15. The weighted (unweighted) detection rate is 0.995 (0.983) for a failed

detection rate of 0.017 and the false alarm rate is 0.006. The probability of mistakes larger than these targets is bounded by 5.4 x 10~%. (Plot on right)
snr = 1. The detection rate (both weighted and un-weighted) is 0.944 and the false alarm and failed detection rates are 0.016 and 0.056 respectively, with

the corresponding error probability bounded by 2.1 x 10~4.

is computed by an evaluation of V'(x), which like gz (z) is a
L term sum, both of which are evaluated at v = qid,gfl.

These computation steps continue as long as (1—q1 )+ f1,x
decreases, thus yielding the choice of the number of steps m.

For these computations we choose power allocations propor-
tional to max{e~27=1/L ¢=27(1 +4,)}, with 0 < v < C.
Here the choices of a, ¢ and v are made, by computational
search, to minimize the resulting sum of false alarms and failed
detections, as per our bounds. In the snr = 1 case the optimum
v is 0, so we have constant power allocation in this case. In
the other two cases, there is variable power across most of the
sections. The role of a positive ¢ being to increase the relative
power allocation for sections with low weights. Note, in our
analytical results for maximum achievable rates as a function
of B, as given in the upcoming sections, ~y is constrained to
be equal to C.

Figure 3 gives plots of achievable rates as a function of B.
For each B, the points on the detailed envelope correspond
to the numerically evaluated maximum inner code rate for
which the section mistake rate is between 9 and 10%. Here we
assume L to be large, so that the ¢; ;’s and f;’s are replaced
by the expected values ¢ , and fy, respectively. We also take
h = 0. This gives an idea about the best possible rates for a
given snr and section mistake rate.

For the simulation curve, L was fixed at 100 and for
given snr, B and rate values 10* runs of our algorithm
were performed. The maximum rate over the grid of values
satisfying section error rate of less than 10% except in 10
replicates, (corresponding to an estimated Pg of 1073) are
shown in the plots. Interestingly, even for such small values
of L the curve is quite close to the detailed envelope curve,
showing that our theoretical bounds are quite conservative.

IX. ACCUMULATIVE g FOR FINITE LENGTH CODES

The purpose of this section is to show that power allocations
proportional to e~2¢¢/L and slight modifications of it provide

update functions gy, () that are indeed accumulative for rates
moderately close to capacity and to quantify how the gap and
shortfall § = 1 — gz (2*) depend on the rate and the section
size B. Motivation for these power allocations come in part
from the analysis in the appendix in which it is shown that in
the saturated detection probability case arising in the limit of
large 7, it is necessary for the power allocations to be near this
exponential form for an iterative decoder to have accumulative
update for rates up to capacity. Here our focus is quantifying
the gap and shortfall in the finite L and B case.

In particular, specifics of normalized power allocation
weights 7y are developed in subsection A, including slight
modifications to the exponential form. An integral approxi-
mation g(x) to the sum gz, (z) is provided in subsection B.
Subsection C examines the behavior of g (z) for x near 1,
including introduction of x* via a parameter ry related to an
amount of permitted rate drop and a parameter ( related to
the amount of shift at z*. For cases with monotone decreasing
g(x) — x, as in the unmodified weight case, the behavior for
2 near 1 suffices to demonstrate that g, (x) is accumulative.
Improved closeness of the rate to capacity is shown in the
finite codelength case by allowance of the modifications to
the weight via the parameter J.. But with this modifications
monotonicity is lost. In Subsection D, a bound on the number
of oscillations of g(x) — x is established in that is used in
showing that g, (z) is accumulative. The location of z* and
the value of 0. both impact the mistake rate d,,;s and the
amount of rate drop required for gr(z) to be accumulative,
expressed through a quantity introduced there denoted r.,;;.
Subsection E provides optimization of §.. Helpful inequalities
in controlling the rate drop are in subsection F. Subsection G
provides optimization of the contribution to the total rate drop
of the choice of location of z*, via optimization of (.
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Plots of achievable rates as a function of B for snr values of 15, 7 and 1. Section error rate is controlled to be between 9 and 10%. For the curve

using simulation runs the rates are exhibited for which the empirical probability of making more than 10% section mistakes is near 103,

Recall that g7, (z) for 0 < z <1 is the function given by

gr(z) = > ™ ®(u(x) = 7),

j sent

where p;(z) = \/Cjrpn/(l —xv). Recursively, qi is
obtained from ¢7 , = gr(z) evaluated at z = qi,g_l, in
succession for k£ from 1 to m.

For a partitioned code, these sums for j in sent are the
same as the sum over j, for sections ¢ from 1 to L, with one
from each section. The value of 7; is taken to be the same
for terms within a section, and to vary across the sections. We
denote the value for section £ as 7(4). At slight risk of abuse of
notation, it is also convenient to denote Cy r = m(s) Lv/(2R)
and Cy.p g n = Cor(1—1')(2log B) and likewise po(x) =
\/Cg7R7B,h/(1 —zv). In this setting, the function gy (z) is
invariant to the choice of sent and is expressed as

L
gr(x) = m ®(e(x) — 7).
=1

The values of ®(uy(z) — 7), as a function of £ from 1 to L,
provide what is interpreted as the probability with which the
term sent from section ¢ have approximate test statistic value
that is above threshold, when the previous step successfully
had an adjusted weighted fraction above threshold equal to z.
The ®(ue(x) — 7) is increasing in = regardless of the choice
of 7y, though how high is reached depends on the choice of
this power allocation.

A. Variable power allocations:

We consider two closely related schemes for allocating
the power. First suppose Py is proportional to e~2¢*/L as
motivated in the introduction. Then the weight for section
¢ is m(y given by Py)/P. In this case recall that Cpp =
7y Lv/(2R) simplifies to u, times the constant C/R where

up = e~ 2E-D/L

for sections ¢ from 1 to L. The presence of the factor C/R if
at least 1, increases the value of gj,(x) above what it would

be if that factor were not there and helps in establishing that
it is accumulative.

As ¢ varies from 1 to L the uy ranges from 1 down to the
value e 2¢ = 1—v.

To roughly explain the behavior, as we shall see, this choice
of power allocation produces values of ®(u(z) — 7) that are
near 1 for ¢ with u, enough less than 1 — z v and near O for
values of uy enough greater than 1 — z v, with a region of ¢
in between, in which there will be a scatter of sections with
statistics above threshold. Though it is roughly successful in
reaching an z near 1, the fraction of detections is limited, if
R is too close to C, by the fact that p,(x) is not large for a
portion of ¢ near the right end, of the order 1/+/2log B.

Therefore, we modify the power allocation, taking )
to be proportional to an expression that is equal to u, =
exp{—2C*71} except for large ¢/L where it is leveled to be
not less than a value uc,; = e 2¢(1 + 6.) which exceeds
(1-v) = e 2¢ = 1/(1+ snr) using a small positive &.. This
0. 1s constrained to be between 0 and snr so that ., is not
more than 1. Thus let 7, be proportional to @, given by

max{ g, Ucyt }-

The idea is that by leveling the height to a slightly larger value
for £/ L near 1, we arrange nearly all sections to have @, above
(1 — zv) when z is near 1. This will allow us to reach our
objective with an R closer to C. We pay a price in the required
normalization, but it will be seen to be of a smaller order of
1/(2log B).

To produce the normalized ;) = max{ug, tcut }/(L sum),
compute

L
sum = Zmax{ug, Ueut }(1/L).

{=1

If ¢ = 0 this sum equals v/(2C) as previously seen. If
c >0 and uc, < 1, it is the sum of two parts, depending
on whether e 2¢(¢~1/L ig oreater than or not greater than
Ucye. This sum can be computed exactly, but to produce a
simplified expression let’s note that replacing the sum by the



corresponding integral

1
integ:/ max{e_QCt,ucut}dt
0

an error of at most 1/L is incurred. For each L there is a 6
with 0<6<1 such that

sum = integ + 0/ L.

In the integral, comparing e ¢! to wu.,; corresponds to
comparing ¢ to te,: equal to [1/(2C)]log 1/ucye. Splitting the
integral accordingly, it is seen to equal [1/(2C)](1—ucyt) plus
Ueut (1 —teur), which may be expressed as

integ = % [1 + D(6.)/snr],

where D(J) = (1+6)log(1+6) — d. For 6 > 0, the function
D(6) is not more than §2/2, which is a tight bound for
small é. This [1 + D(é.)/snr] factor in the normalization,
represents a cost to us of introduction of the otherwise helpful
d.. Nevertheless, this remainder D(J..)/snr is small compared
to d., when d. is small compared to the snr. It might appear
that D(0.)/snr could get large if snr were small, but, in fact,
since §. < snr the D(d.)/snr remains less than snr /2.

Accordingly, from the above relationship to the integral, the
sum may be expressed as

v
sSum = —

2C
where 62, is equal to D(6.)/snr + 20C/(Lv), which is not

more than 62/(2snr) + 2C/(Lv). Thus

max{te, eyt }  2C max{ug, Ueys }
T - =
© 1+ 020,

L sum Lv
In this case Cy g g = (m¢Lv/(2R))(1—h")(2log B) may be
written

[1+ 62um]

C(1—n'
Co,r,B,hn = max{us, Ucyt } R(I(Jrég))(mog B),

or equivalently, using 7 = v/2log B (1 + 4,), this is
max{uy, uey } (C'/R)T2,
where
C(1-hn)
(140Z,m) (14+0a)?

For small d., d,, and h' this is a value near the capacity C. As
we will see later, our best choices of these parameters make
it less than capacity by an amount of order loglog B/ log B.
When d. = 0 the C/(1+62,,,) is what we have called C and
its closeness to capacity is controlled by §2,,,, < 2C/(v L).

In contrast, if §. were taken to be the maximum permitted,
which is §. = snr, then the power allocation would revert
to the constant allocation rule, with an exact match of the
integral and the sum, so that 1+62,, = 1+ D(snr)/snr
and the C/(1+62,,,) simplifies to Ry = (1/2)snr/(1+ snr),
which, as we have said, is a rate target substantially inferior
to C, unless the snr is small.

Now p(2) — 7 which is \/Co g,5.n/(1 — zv) — T may be
written as the function

wz,u) = (Vu/(l—zv)—1) 7

C =
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evaluated at v = max{ug, tueyut} (C'/R). For later reference
note that the py(z) here and hence gz, (x) both depend on z
and the rate R only through the quantity (1 — zv)R/C’.

Note also that u(x, u) is of order 7 and whether it is positive
or negative depends on whether or not u exceeds 1 — x v in
accordance with the discussion above.

B. Formulation and evaluation of the integral g(x):

The function that updates the target fraction of correct
decodings is

L
gr(z) =Y 7y ®(ue(x) — 7)
(=1

which, for our variable power allocation with allowance for
leveling, takes the form

L
Z 7o) @ (p(z, max{ug, ucu }C'/R)),
=1

. e—1 . .
with uy = e¢~2¢"T" . From the above expression for T(e)» this

gr(x) is equal to

20 & max{ug, Ucyt }
1442

sum

T @(u(m‘,max{u[,ucut}C’/R)).
Y=

Recognize that this sum corresponds closely to an integral.

In each interval [_Tl <t < % for ¢ from 1 to L, we

have e~2C“T" at least e~2C*. Consequently, gr(z) is greater

than g,,um (2)/(1462,,,) where the numerator g, (z) is the

integral

2¢ (!

— max{efmﬂucut}q)(u(z,max{e*%t,ucut}C’/R))dt.
vJo

Accordingly, the quantity of interest gz, () has value at least
(integ/sum)g(xz) where

9(z) = 1+D(6.)/snr
Using _
integ @ 1
sum Ln 1462,

and using that gz () < 1 and hence g um (z)/(1+62

sum) S 1
it follows that

gr(x) > g(z) —2C/(Lv).

The g7, (x) and g(z) are increasing functions of « on [0, 1].
Let’s provide further characterization and evaluation of the
integral g, () for our variable power allocation. Let zl°% =
(7, uet C'/R) and 2% = (2, C'/R). These have zl°% <
z2'**, with equality only in the constant power case (where
Uyt = 1). For emphasis we write out that z, = zé"“’ takes

the form
\/ ucutC’/R 1
2y = | —V/—/—— —
V1 — zv

Set uy, =1 — xv.
Lemma 12: Integral evaluation. The ¢y () for has a
representation as the integral with respect to the standard



normal density ¢(z) of the function that takes the value
14+D(6.)/snr for z less than zl°%, takes the value

v+ ?(1—5(1“/7)2)

for z between z!°“ and 2%, and takes the value 0 for z
greater than z7*®*. This yields gnum () is equal to

[1+ D(8.)/snr|®(zl")

(I)(Zlow)}

x

+ |2 +5R“ﬂ [B(zmar) —

2R uy [p(2") — ¢(22")]

C' v T
Rouy [ (27"") — 2" p(2h)]
oy - 7

where

53:1—2[1“/72].

This dx is non-negative if R < C'/(1 +1/72).

In the constant power case, corresponding to u.,; = 1, the
conclusion is consistent with the simpler g(x) = ®(2,).

The integrand above has value near z+ (1-R/C’)u, /v, if z
is not too far from 0. The heart of the matter for our analysis
in this section is that this value is at least = for rates R < C’.

Proof of Lemma 12: By definition, the function gy, () is

oc (1
76/ max{e_m,ucut}q)(u(x,max{e_%t,ucut}C’/R))dt,
0

which is equal to the integral

QC teut
v-Jo

et @ (pu(z, e °'C’/R)) dt

plus the expression

2C ow
7 (1 —tcut)u(:utq)(zalr; )’

which can also be written as [§. + D(3,)]®(zL°%)/snr.
Change the variable of integration from ¢ to u = e~%¢*, to

produce the simplified expression for the integral

1
l/ ®(p(z,uC'/R))du.

v

Add and subtract the value ®(z!°%) in the integral to write it
as [(1—ueyut)/V]®(2L°%), which is [1—d./snr]®(zL%), plus
the integral

1
o[ (@ e R) - (o, e’/ R)] du

v

Now since
B(b) - (0) = [ Ljacecr) 90

it follows that this integral equals

// 1{ucut§u§1} 1{401”222“(%”0/}{)} @(2) dz du/v.
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We switch the order of integration. In the integral, the
inequality z < p(z,uC’/R) is the same as

u > u,R/C (1—1—2/7')2,

which exceeds u.,+ for z greater than zi"w. Here u, = 1—xav.
This determines an interval of values of u. For z between z/°%

.
and z['** the length of this interval of values of u is equal to

1 — (R/Cuy (1+ Z/T)Q.

Using u, = 1 — zv one sees that this interval length, when
divided by v, may be written as

Uy R 2
x+y<1_(3/(1+z/7—) ),

a quadratic function of z.
Integrate with respect to ¢(z).
9num () may be expressed as

1+ D(3.) fsnr] B(=1") +
L e
14 /leuw
To evaluate, expand the square (1 + z/ 7)2 in the integrand
as 1+ 22z/7 + 22/72. Multiply by ¢(z) and integrate. For
the term linear in z, use z¢(z) = —¢'(z) for which its
integral is a difference in values of ¢(z) at the two end
points. Likewise, for the term involving 22 = 1 + (22 —1),
use (22—1) = —(2¢(2))" which integrates to a difference
in values of z¢(z). Of course the constant multiples of ¢(z)
integrate to a difference in values of ®(z). The result for the
integral matches what is stated in the Lemma. This completes
the proof of Lemma 12.
One sees that the integral ¢y, (z) may also be expressed
as
1
snr

; / [1 e {“ﬂﬁg(l + Wi%w” REE

To reconcile this form with the integral given in the Lemma
one notes that the integrand here for z below z, takes the
form of a particular constant value times ¢(z) which, when
integrated, provides a contribution that adds to the term
involving ®(z,).

The resulting value of

[1— (R/C"Yuq (1 + z/Tﬂ é(2)dz,

[0c + D(0.)]®(25) +

Corollary 13: Derivative  evaluation. The  derivative

max

(1+Zf)3¢(zw)glog(1+50) +/ g(l—i-z/T)Q(b(z)dz.

T
2

In particular if §. = 0 the derivative ¢'(z) is

max

L
C" Jaow
and then, if also R = C'/(1+r/7%) with r > 1, that is, if

R < C'/(1 + 1/72), the difference g(z) — x is a decreasing
function of x.

(1 + ,2/7')2¢)(z)dz7



Proof: Consider the last expression given for g, (x). The
part [0, + D(0.)]®(z,)/snr has derivative

206 + D(6:)]¢(22) /s
Use (1+2,/7) = \/ueut(C'/R)/(1—zv) to evaluate 2/, as

! Z 1 /
Ry = 9 (1—$V)3/2 V ucutc /RT

and obtain that it is (v//2)(142,/7)*7/(tcut C'/R). So using
Uewt = (1—v)(1+6.) the 2., is equal to

T R
(1446.) C°
Thus using the form of D(4.) and simplifying, the derivative
of this part of g, is the first part of the expression stated
in the Lemma.

As for the integral in the expression for g,,,m, its integrand
is continuous and piecewise differentiable in x, and the integral
of its derivative is the second part of the expression in the
Lemma. Direct evaluation confirms that it is the derivative of
the integral.

In the 6. = O case, this derivative specializes to the indicated
expression which is less than

geo o)
g - (1+ Z/T)2¢(z)dz = g [

which by the choice of R is less than 1. Then g(x) — x is
decreasing as it has a negative derivative. This completes the
proof of Corollary 13.

snr

L (120

1+1/7%],

Corollary 14: A lower bound. The gpum(x) is at least
Jiow(x) given by

[1+ D(6.)/snr]®(z,) +

1 oo
1 / [1— (R/C)uy (1+ 2/7')2] (2)dz.
14 zlow

It has the analogous integral characterization as given imme-
diately preceding Corollary 13, but with removal of the outer
positive part restriction. Moreover, the function g, (z) —
may be expressed as

where
Alz) 27¢(2) + 2¢(2)
= oy -

+ [14+1/72 = (1-A)(1+2/7)°] @(2).

with A; =log(1 + d.).
Optionally, the expression for g, (x) — x may be written
entirely in terms of z = z, by noting that
R (1+4)
vC snr(l+z/7)%

(1—av)

Proof: The integral expressions for g, (x) are the same as
for gnum () except that the upper end point of the integration
extends beyond z7'**, where the integrand is negative, i.e.,
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the outer restriction to the positive part is removed. The lower
bound conclusion follows from this negativity of the integrand
above z!"%*. Evaluate g, () as in the proof of Lemma 12,
using for the upper end that ®(z) tends to 1, while ¢(z) and
z¢(z) tend to 0 as z — oo, to obtain that g;..,(x) is equal to

{1 +D(6c)/snr}¢(zw) + [m—i— 53%30} [1—®(2)]

C'v 7 cv 12
Replace the = + dru,/v with the equivalent expression
(1/v)[1—uga(R/C)(141/72)]. Group together the terms that
are multiplied by u,(R/C’")/v to be part of A/72. Among
what is left is 1/v. Adding and subtracting x, this 1/v is
x +uy /v which is  + [(u, /v)R/C’][C’ /R]. This provides the
x term and contributes the C'/R term to A/72.
It then remains to handle [14+D(0.)/snr|®(z,)—(1/v) @ (2)
which is —(1/snr)[1—D(0.)]®(z,). Multiplying and dividing
it by

vC'  snr(l+4z/7)?

ugR 1+ 6,
and then noting that (1—D(d.))/(1+0d.) equals 1 —A,, it
provides the associated term of A/72. This completes the
proof of Corollary 14.

What we gain with this lower bound is simplification

because the result depends only on z, = z/°% and not also on

max
Z(E

C. Values of g(x) near 1:

From the expression for x in terms of z, we remark that
when R is near C’, the point z = 0 corresponds to a value
of x near 1 — §./snr. We use this relationship to establish
reference values of 2* and z* and to bound how close g(x*)
is to 1.

A convenient choice of z* satisfies (1—2*v)R = (1—-v)C’.
More flexible is to allow other values of x* by choosing it
along with a value r; to satisfy the condition

(1—2*v)R= (1-v)C'/(1 +r1/7%).

We also call the solution z* = w,,. When 7, is positive the
x* is increased. Negative r; is allowed as long as 71 > —72,
but we keep r; small compared to 7 so that =* remains near
1.

With the rate R taken to be not more than C’, we write it
as o

R=———.

(I+r/72)

Lemma 15: A value of v* near 1. Let R’ = C'/(1+r,/72).
For any rate R between R’/(14snr) and R', the 2* as defined
above is between 0 and 1 and satisfies

| = R — R B
"~ Rsnr

r—"Tr1 r—"Tr1
v(r2+r)
It is near 1 if R is near R’. The value of z, at z*, denoted
z* = ( satisfies

(L+¢/7)% = (1 +8) A +7r1/7%).

= 1— *
snr (12 +11) (1=2")



This relationship has d. near 2¢/7, when ¢ and r; are small
in comparison to 7. The §.7 and r; are arranged, usually both
positive, and of the order of a power of a logarithm of 7, just
large enough that ®(¢) = 1 — ®({) contributes to a small
shortfall, yet not so large that it overly impacts the rate.

Proof of Lemma 15: The expression 1 — x v may also be
written (1-/)+ (1—x)v. So the above condition may be written
14 (1—x*)snr = R’/ R which yields the first two equalities. It
also may be written (1—z*v) = (1-v)(1+7/72)/(1+7r1/7?)
which yields the third equality in that same line.

Next recall that z, = p(x, ue,C'/R) which is

(VueutC'/(R(L — zv)) — 1)7.

Recalling that ue,; = (1—v)(1 4 0.), at «* it is z* = ¢ given
by

(= (VA+o) A +r/r?) 1),

or, rearranging, we may express . in terms of z* = ( and r;
via

140 = (14¢/7)% /(1411 /72),

which is the last claim. This completes the proof of Lemma
15.

Because of this relationship one may just as well arrange
Uy 1n the first place via ¢ as

Ut = (1=v)(1 4 ¢/7)2 /(1471 /7%)

where suitable choices for ¢ and r; will be found in an
upcoming section. We keep also the . formulation as it is
handy in expressing the affect on normalization via D(,.).

We come now to the evaluation of gr(z*) and its lower
bound via gjoy(2*). Since gz (x) depends on z and R only
via the expression (1 — zv)R/C’, the choice of 2* such that
this expression is fixed at (1—v) implies that the value gz, (2*)
is invariant to R, depending only on the remaining parameters
snr, ., r1, T and L. Naturally then, the same is true of our
lower bound via g;4., (2*) which depends only on snr, d., r1
and 7.

Lemma 16: The value g(x*) is near 1. For the variable
power case with 0 < §. < snr, the shortfall expressed by
1—g(z*) is less than

5 — 27¢(C) + (#(C) + rem
snr (12 4+ 1r1) [1+ D(8.)/snr]’

independent of the rate R < R’, where the remainder is given
by

rem = [(7 +r1)D(8:) — (r1 — 1)]®(C)-
Moreover, gz (z*) has shortfall 67 = 1 — gz (z*) not more

than §* 4 2C/(Lv). In the constant power case, corresponding
to 0, = snr, the shortfall is

5 =1-3(C) = B(Q).

.
C=yPloe s

Setting
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with a constant d and 7 > d+v/2mw, with 6, small, this §* is near
2d/(snr7?), whereas, with 6. = snr, using ®(¢) < ¢(¢)/¢,
it is not more than d/({7).

Proof of Lemma 16: Using the lower bound on g(z*), the
shortfall has the lower bound

1 Giow (")
14+D(6.)/snr

which equals

1 — giow(z*) + D(d.)/snr
1+ D(8.)/snr '

Use the formula for g;,,, (2*) in the proof of Lemma 14. For
this evaluation note that at z = z* the expression u,R/(vC’)
simplifies to 1/[snr (1471 /7%)] and the expression z+06 gu, /v
becomes

r — 1

snr(r2 +ry)’
Consequently, g0 (2*) equals

D(3) gy 270(0) + CO(0) = (n=1)@(Q)

1
+ snr snr(12 4+ rq)

®(¢)

This yields an expression for 1 — go, (2*) + D(d.)/snr equal

to
(27 +Q)6(0) — (n—1)P(Q)

snr(r247r1)

D(éc) =

snr

(©) +

Group the terms involving ®(¢) to recognize that this equals
[(27 +¢)#(C) + rem]/[snr(7? +71)]. Then dividing by the
expression 1 + D(4.)/snr produces the claimed bound.

As for evaluation at the choice { = /2log 7/d+/2m, this is

the positive value for which ¢(¢) = d/7, when 7 > dV2r. Tt
provides the main contribution with 27¢(¢) = 2d. The (¢(()
is then (d/7 which is of order y/log 7/7, small compared to
the main contribution 2d.

For the remainder rem, using ®(¢) < ¢(¢)/¢ and D(4,) <
(6.)2/2 near 2¢%/72, the 72D(3.)®(C) is near 2¢¢p(¢) =
2(¢bo /7, again of order /log7/7.

For 67 = 1—gr(x*), using g1 () > g(z)+2C/(Lv) yields
85 < 6*+2C/(Lv).

For the constant power case we use gz, (z*) = g(z*) = ®({)
directly, rather than g, (z*). It has §* = ®(¢), which is not

more than ¢(¢)/¢. This completes the proof of Lemma 16.

Corollary 17: Mistake bound. The likely bound on the
weighted fraction of failed detections and false alarms 07 +1+-f,
corresponds to an unweighted fraction of not more than

where the factor
fac = snr (1+62,,,)/[2C(1+6.)].

In the variable power case the contribution d,,,. ; = facdj is
* s+ (1/L)Y(14snr)/(146.) with

not more than &*
. 27+Q9e(() +rem
2C (14¢)? ’

mis



while, in the constant power case §, = snr, the fac = 1 and
Omis,z, €quals

Closely related to &7,
simplified form

:nis,simp = [(2T+C)¢<<) + rem}/QC 7_27

for which 67, = 051 simp/ (1 + ¢/7)%

Proof of Corollary 17: Multiplying the weighted fraction by
the factor 1/[L min, 7 (4], which equals the given fac, provides
the upper bound on the (unweighted) fraction of mistakes
Smis = fac (6% +n+ f). Now 8% = 1 — gz () has the upper
bound

in the variable power case is the

1- glow(x*) + 6.§um
1+ 42 '

sum

*
mis,

Multiplying by fac yields 47 .. ; = fac ] not more than

1- gzow(iﬂ*) + 5§um
(2C/snr)(1+0.)
Recall that 62

2.m €xceeds D(d.)/snr by not more than
2C/(Lv) and that 1 — gjow(z*) + D(6.)/snr is less than
[(274+C)@(C) + rem]/[snr(T%+71)]. So this yields the §*

bound st
(27+0)p(¢) + rem  (14snr) 1
20(m24+7r)(14+6.)  (1+6,) L

Recognizing that the denominator product (72 +71)(1+ 6,)
simplifies to (7 + ¢)? establishes the claimed form of 67, ..

For the constant power case note that fac = 1 so that
Opvis s, = Omis is then unchanged from 6* = ®(¢). This

completes the proof of Corollary 17.

D. Showing g(x) is greater than x:

This section shows that gy, (x) is accumulative, that is, it is
at least z for the interval from 0 to z*, under certain conditions
on r.

We start by noting the size of the gap at x = x*.

Lemma 18: The gap at x*. With rate R =C'/(1 +r/72),
the difference g(z*) — z* is at least

T — Tup T — Tup

— (1 T

snr(r2 +rq) )

Here, for 0 < d. < snr, with rem as given in Lemma 16,

(27 + Q)9(¢) +rem
1+ D(6.)/snr

Tup = T1 +

while, for 6. = snr,
Tup =71+ sm’(7'2 +71)®(0),

which satisfies

_ (14 snr ®(¢))(14+¢/7)? .
72 14 snr '

Tup

Keep in mind that the rate target C’ depends on d.. For
small ¢, it is near the capacity C, whereas for 6. = snr it is
near Ry > 0.
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If the upcoming gap properties permit, it is desirable to
set 7 near 7,,. Then the factor in the denominator of the
rate becomes near 147, / 72, In some cases Typ 1S Negative,
permitting 1+7/72 not more than 1.

We remind that r1, ¢, and J. are related by

o _ (1+¢/7)?

1+r /7% = T

Proof of Lemma 18: The gap at z* equals g(z*) —z*. This
value is the difference of 1—z* and 0* = 1—g(x*), for which
we have the bounds of the previous two lemmas. Recalling that
1—z* equals (r—rq)/[snr (7%+71)], adjust the subtraction of
71 to include in r,;, what is needed to account for §* to obtain
the indicated expressions for g(z*) — z* and r,,. Alternative
expressions arise by using the relationship that r; has to the
other parameters. This complete the proof of Lemma 18.

Positivity of this gap at 2* entails r > r,,, and positivity
of z* requires snr(72 + 1) + 71 > r. There is an interval of
such r provided snr (72+47r;) > Tup — T1.

For this next two corollaries, we take the case that either
d. = snr or §. = 0, that is, either the power allocation is
constant (completely level), or the power Py is proportional
to up = exp{—2C*Z}, unmodified (no leveling). The idea in
both cases is to look for whether the minimum of the gap
occurs at x* under stated conditions.

Corollary 19: Positivity of g(x) — x with constant power.
Suppose R = C'/(1+r/7?) where, with constant power, the C’
equals Ry (1-h")/(140,)?, and suppose v 7 > 2(14r/72)v/27.
Suppose r — 1, is positive with r,,, as given in Lemma 18,
specific to this . = snr case. If » > 0 and if r — 7y, is
less than v(7 + ()?/2, then, for 0 < 2 < x*, the difference
g(x) — x is at least

T = Tup

gap = snr(t247r1) -

T — Tup

VT + O

Whereas if r,;, <r <0 and if also

i g L)

then the gap g(z) — x on [0, z*] is at least

. = Tup
mln{ 1/2+7r/(1V2r), V(T+C)2} .

In the latter case the minimum occurs at the second expression
when
T < Ty +v(T4C)? [1/2+ ’I“/T\/%}.

This corollary is proven in the appendix, where, under the
stated conditions, it is shown that g(x)— 2 is unimodal for
x>0, so the value is smallest at x =0 or x =x*.

From the formula for r,, in this constant power case, it
is negative, near —v 72, when snr ®(¢) and (/7 are small.
It is tempting to try to set r close to r,,, similarly negative.
As discussed in the appendix, the conditions prevent pushing r
too negative and compromise choices are available. With v7 at
least a little more than the constant 2v/2me™/4, we allow r with
which the 1+ /72 factor becomes at best near 1 — /27 /27,



indeed nice that it is not more than 1, though not as ambitious
as the unobtainable 1 + 7,,/72 near 1 — v.

Corollary 20: Positivity of g(x) — x with no leveling. Sup-
pose R = C'/(1+r/7?)], where, with §. = 0, the C’ equals
C(1n')/(1+2C/v L)(1+6,)? near capacity. Set r; = 0 and
¢ = 0 for which 1—2* = r/(snr72) and r,,, = 27/v/27+1/2
and suppose in this case that r > ry,;,. Then, for 0 <z < %,
the difference g(x) — x is greater than or equal to

T — Tyup

99 = onr (12 4+ 1)’

Moreover, g(z) — x is at least (1 — zv)GAP where

— Tup
GAP = ST

Proof of Corollary 20: With 6. = 0 the choice { = 0
corresponds to 1 = 0. At this ¢, the main part of r,;, equals
27/+/27 since ¢(0) = 1/4/2m and the remainder rem equals
1/2 since ®(0) = 1/2. This produces the indicated value of
Tup. The monotonicity of g(x) — x in the §. = 0 case yields,
for x < x*, a value at least as large as at x* where it is
bounded by Lemma 18. This yields the first claim.

Next use the representation of g(x) — = as (1 —
2v)A(z)/[v(7? + 1)), where with §. = 0 the A(2) is

A(z) = r—1-27¢(z) —z¢(z) + [r* + 1 — (T+2)*] ®(2).
It has derivative which simplifies to
Al(z) = =2(1+2)®(2),

which is negative for z > —7 which includes the interval
[20, 21]. Accordingly A(z,) is decreasing and its minimum for
z in [0, z*] occurs at x*. Appealing to Lemma 18 completes
the proof of Lemma 20.

The above result provides a practical rate C'/ (1+r/72) with
r/7? at least r,,/7* nearly equal to a constant times 1/7,
which is near 1/y/7log B. Nevertheless, it would be better
to have a bound with r,, of smaller order so that for large
B the rate is closer to capacity. For that reason we next take
advantage of the modification to the power allocation in which
it is slightly leveled using a small positive J..

Monotonicity or unimodality of g(x) —  or of gjow(x) — x
is used in the above proofs for the §. = 0 and 6, = snr
cases. It what follows we develop analogous shape properties
that include the intermediate case.

We use g(z) > giow(x)/(1+ D(d.)/snr) so that

glow(x) — T — $D(5C)/SHT
1+ D(6.)/snr '

This gap lower bound is expressible in terms of z = z,
using the results of Lemma 14 and the expression for x given
immediately thereafter. We have

ug R OA(zg)
v T2

where for R = C’/(1 + r/7?) the function A(z) simplifies to
r—1-271¢(2) — z¢(2) + [T°+1 — (1= A.)(1+2)?] ®(2),

g(x) —x >

glow(x) -

38

where A, = log(1+4.). The multiplier u,R/(vC’) is also
(146.)/ (snr(14z/7)?). From the expression for z in terms
of z we may write

de (1+0.) 2 2
——— ((1 —-1- .
snr(14+z/1)? (1 +2/7) /)
Accordingly, we may write

Jiow(x) —x — xD(d.)/snr = G(zz)

r=1-—
snr

where G(z) is the function

144, A(z) D@,
Glz) = (T42)? snr snr (1= dc/snr)
with
A(z) = A(z) + %(;50) (1— (A +2z/7)%+7/7%).

In this way the gap lower bound is expressed through the
function G(z) evaluated at z = z,. Regions for z in [0, 1]
where gjo () —x — xD(8.)/snr is decreasing or increasing,
have corresponding regions of decrease or increase of G(z) in
[20, 21]. The following lemma characterizes the shape of the
lower bound on the gap.

Definition: A continuous function G(z) is said to be uni-
modal in an interval if there is a value z,,, such that G(z)
is increasing for any values to the left of z,,,, and decreasing
for any values to the right of z,,,,. This includes the case
of decreasing or increasing functions with z,,,, at the left or
right end point of the interval, respectively.

Likewise, with domain starting at zp, a continuous function
G(z) is said to have at most one oscillation if there is a value
zG > zo such that G(z) is decreasing for any values of z
between zp and 2, and unimodal to the right of zg. We call
the point z¢ the critical value of G.

Functions with at most one oscillation in an interval [zq, z*]
have the useful conclusion that the minimum over the interval
is determined by the minimum of the values at z5 and z*.

Lemma 21: Shape properties of the gap. Suppose the rate
satisfies R < C'(1+ D(d.)/snr)/(1+1/72). The function
Giow (z)—x—2D(4.)/snr has at most one oscillation in [0, 1].
Likewise, the functions A(z) and G(z) have at most one
oscillation for z > —7 and we denote their critical values
za and zg. For all A, > 0, these satisfy z4 < zg and
24 <—7/2+1, which is less than or equal to 0 if 7 > 2.

Moreover, if either A, < 2/3 or A, > 2v/27 half /7, then
z¢ 1s also less than or equal to 0. Here half is an expression
not much more than 1/2 as given in the proof.

The proof of Lemma 21 is in the appendix.

Note that 7 > 3v/2x half is sufficient to ensure that one or
the other of the two conditions on A, must hold. That would
entail a value of B more than 225" > 1174. Such size of B
is reasonable, though not essential as we may choose directly
to have a small value of A, not more than 2/3.

One can pin down down the location of zg further, under
additional conditions on A.. However, precise knowledge of
the value of 2z is not essential because the shape properties
allow us to take advantage of tight lower bounds on A(z) for
negative z as discussed in the next lemma.



We have that z4 < —7/2 + 1 and under conditions on A,
that z4 < —7/2. For —7/2 4 1 to be negative, it is assumed
that 7 > 2, as is the case when B > ¢2. Preferably B is much
larger.

Lemma 22: Lower bounding A(z) for negative z: In an
initial interval [—7,¢], with t = —7/2 or t = —7/2 4 1, the
function A(z) is lower bounded by

A(z) > r—1—c¢,

where € is (27 + t)/t?)¢(t). In particular for ¢t = —7/2 it is
(6/7)¢(7/2), not more than (3/y/mlog B)(1/B)%®, polyno-
mially small in 1/B. Likewise, if t = —7/2+ 1, the € remains
polynomially small.

If A.m > 4/\/2m —1/7, then the above inequality holds for
all negative z,

min A(z) >r—1—c¢
—7<2<0

with e = (6/7)p(7/2).

Finally if also A. > 8/72, then for z between —7/2 and
0, we have

A(z) >r—1

strictly greater than » — 1 with no need for e.

Proof of Lemma 22: First, examine A(z) for z in an initial
interval of the form [—,t]. For such negative z one has that
A(z) is at least r — 1 —27¢(z) which is at least » — 1 —27¢(t).
This is seen by observing that in the expression for A(z), the
—z¢(z) term and the term involving ®(z) are positive for
z < 0. So for € we could use 27¢(t).

Further analysis of A(z) permits the improved value of e
as stated in the lemma. Indeed, A(z) may be expressed as

Ap(z) =r—1—(274+2)¢(2) — (27 +2)2D(2) + ©(2)

plus an additional amount [A.(7+42)2]®(z) which is positive.
It’s derivative simplifies as in the analysis in the previous
lemma and it is less than or equal to 0 for —7 < z < 0,
so Ap(z) is a decreasing function of z, so its minimum in
[—7,t] occurs at z = t.

Recall that along with the upper bound |z|®(z) < ¢(z),
there is the lower bound of Feller, |2|®(z) > [1—1/22]¢(z),
or the improvement in the appendix which yields |z|®(z) >
[1—1/(22+1)]¢(z), which is ®(2) > (|z|/(22+1)¢(z), for
negative z. Accordingly obtain

Ao(z) 2 =1 = [(27+2)/(z* +1)](2).

At z =t = —7/2 the amount by which it is less than » — 1 is
[(3/2)7/(72/4+1)]¢(7/2) not more than (6/7)¢(7/2), which
is not more than (6/v/2721og B)(1/B)'/2. An analogous
bound holds at t = —7/2 + 1.

Next consider the value of A(z) at z = 0. Recall that A(z)
equals

r—1—(274+2)p(z) + [7‘2—1—1 — (1—AC)(T+2)2] D(2).
At z=01tis

r—1—27/V21 +[1+ A1%)/2
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which is at least r — 1 if A.72 > 47/y/27 — 1, that is, if

A. > 4/(7v/27)—1/7% This is seen to be greater than A** =

2/(72/4 + 2), having assumed that 7 at least 2. So by the

previous lemma A(z) is unimodal to the right of ¢t = —7/2,

and it follows that the bound r —1—e holds for all z in [—T, 0].
Finally, for A(z) in the form

r—1—(2742)p(2) — (27+2)2®(2) + [1 + A (T+2)%]D(2),

replace —z®(z), which is |z|®(z) with its lower bound ¢(z)—
(1/]z])®(z) for negative z from the same inequality in the
appendix. Then the terms involving ¢(z) cancel and we are
left with the lower bound on A(z) of

r—1+ [1+Ac(t42)* — (21+2)/|2]] ®(2)
which is
=1+ [A(r+2)% +2(1+2)/2]®(2).

In particular at z = —7/2 it is r—1+ [A.72/4 — 2]®(—7/2)
which exceeds r—1 by a positive amount due to the stated
conditions on A.. To determine the region in which the
expression in brackets is positive more precisely, proceed as
follows. Factoring out 7+ z the expression remaining in the
brackets is

Ac(T4+2z)+2/z.

It starts out negative just to the right of —7 and it hits O for
z solving the quadratic A.(7+2)z + 2 = 0, for which the
left and right roots are z = [—7 £ /72 — 8/A.]/2, again
centered at —7/2. The left root is near —7[1 —2/(A.7)]. So
at least between these roots, and in particular between the left
root and the point —7/2, the A(z) > r—1. The existence of
these roots is implied by A, > 8/72 which in turn is greater
than A%* = 8/(72+8). So by the analysis of the previous
Lemma, A’(z) is positive at —7/2 and A(z) is unimodal to
the right of —7/2. Consequently A(z) remains at least r—1
for all z between the left root and 0. This completes the proof
of Lemma 22.

Exact evaluation of G(z.;;) is problematic, so instead take
advantage for negative z of the tight lower bounds on G(z)
that follow immediately from the above lower bounds on A(z).
With no conditions on A, we use A(z) > r—1—¢ for z <
—7/2+1 and unimodality of A(z) to the right of there, to
allow us to combine this with the bounds at z*. This use of
unimodality of A(z) has the slight disadvantage of needing to
replace u, = 1—zv with the lower bound 1—z*v, and needing
to replace —xD(d.)/snr with —z*D(4.)/snr, to obtain the
combined lower bound on G(z) via A(z). In contrast, with
conditions on A., we use directly that the minimum of G(z)
occurs at the minimum of the values at a negative z¢ and at
z*, allowing slight improvement on the gap.

Lemma 23: Lower bounding G(z) for negative z: If A, >
4/v/2m—1/27, then for —7 < z < 0, setting 2’ = z(1+z/27),
the function G(z) is at least
r—l—e— (22/7—r)D(8.)/snr

(T42)2 snr

D(6c)
snr

dc
snr

(1+6c) (1_ )7



which for r > (14€)/(14+D(d.)/snr), yields G(z) at least
r—l—e+rD(0:)/snr  D(é.) (1- i)

snr snr
Consequently, the gap g(z) — x for z, < 0 is at least

T2 snr

T = Tdown
snr72/(146,)
with
14+e+72D(8.)(1 — 8. /snr)/(1435,.)
14+ D(d.)/snr ’

less than 1+¢€ + 72D(6.). If also A. > 8/72, then the above
inequalities hold for —7/2 < z < 0 without the e.

Tdown =

Proof of Lemma 23: Using the relationship between G(z)
and A(z) given prior to Lemma 21, these conclusions follow
immediately from plugging in the bounds on A(z) from
Lemma 22.

Next we combine the gap bounds for negative z with the
gap bound for z*. This allows us to show that g(x) — z has
a positive gap as long as the rate drop from capacity is such
that r > r.,;4 for a value of r..;; we identify. This holds for
a range of choices of r; including 0.

Lemma 24: The minimum value of the gap. For 0 <x <zx*,
if 7 > repit, then the g(x) — o is at least

T — Terit
snr (12471)"

This holds for an r..;; not more than r7_;, given by
max {(T2+T1>D(5c) + 1+ €, 171+ (2T+<)¢(C) -+ rem}7

where, as before, rem = [(724r1)D(0.) + 1—r1|®(¢) and €
is as given in Lemma 22 with ¢t = —7/2+ 1. Then g (x) — =
on [0, z*] has gap at least
T — Tepit 2C
v’
Consequently, any specified positive value of gap is achieved
by setting

9% = o (T24711)

T = Terit + SNT (7'2 +71) [gap + 2C/(Lv)].

The contribution to the denominator of the rate expression
(14 D(6.)/snr)(147erit /T?) at 7oy has the representation
in terms of 77, as

1+ (1471 /7)D(8.) snr + 15,7

If A, > 4/(7v2m) — 1/7% and either A, < 2/3 or A, >
2v/2m half/7, then in the above characterization of r ., the

cri

D(4,.) in the first expression of the max may be reduced to
D(6:)(1 — d./snr).
Moreover, we have the refinement that g(z) — x is at least
—mln{ T — Tdown r_rup}
snr 72/(146.) 72+ 7
where 7rg4o,n and r,, are as given in Lemmas 23 and
18, respectively. If also 4. is such that the zg of order

—+/2log(7/d.) is between —7/2 and 0, then the e above may
be omitted.
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For given ¢ > 0 we adjust 7 to optimize the value of 7, in
the next subsection.

The proof of the lemma will improve on the statement of
the lemma by exhibiting an improved value of r.,.;; that makes

use of ).,
Proof of Lemma 24: Replacing g(z) by its lower bound
Giow () /[1+D(6.)/snr], the g(x) — x is at least

_ Giow () — 2[1+D(6.)/snr]
1+ D(d.)/snr

9apiow (l‘)

which is
(uz/V)(R/C)A(2y) /7% — xD(3.)/snr
1+ D(6.)/snr '
For 0 <z <z* the uyR/(vC’) is at least its value at «* which
is 1/[snr(1 4 71/72)], 0 gapiow(z) is at least
A(zp)/[snr(T2+7r1)] — 2*D(6.) /snr
1+ D(d.)/snr ’
which may also be written
A(zy) — (72 4r1)2*D(6.)
snr(r2+r1)[1+D(6.)/snr]’

which by Lemma 18 coincides with (r—ry,)/[snr(72+7r1)]
at z = x*.

Now recall from Lemma 21 that A(z) is unimodal for z > ¢,
where ¢ is —7/2 or —7/2 + 1, depending on the value of
A.. As we have seen, when A, is small the A(z) is in fact
decreasing and then we may use 7..;; = 'y, from the gap at
x*. For other A, the unimodality of A(z) for z > t implies
that the minimum of A(z) over [—T,2*] is equal to that of
over [—7,t] U {z*}. As we saw in Lemma 22, the minimum
of A(z) in [—7,¢] is given by A;,, = r — 1 —e. Consequently,
the g(z) —z on 0 < x < z* is at least

i {r—l—e—(7'2+7’1)93*D(5c) T~ Tup }
sur(rZ+ ) (L + D(62)fonr) " snr(r2+71) |

Now x* = 1 — (r — ry)/[snr (7% + 71)]. So (72 + r1)z* is
equal to (72 +r1) — (r — r1)/snr. Then, gathering the terms
involving 7, note that a factor of 1 + D(d.)/snr arises that
cancels the corresponding factor from the denominator for the
part involving r. Extract the value r shared by the two terms
in the minimum to obtain that the above expression is at least

T — Terat
snr (12 + 1)

where here r..;; is given by

(72471)D(6:) + 1+ € + r1.D(6.) /snr
ax { 14 D(é.)/snr ’r“p}'

Arrange 14+ D(6.)/snr as a common denominator. From the
definition of r,, its numerator becomes r1[1 + D(d.)/snr] +
(27 + {)p(z) + rem. It follows that in the numerator the
two expressions in the max share the term r1D(d.)/snr.
Accordingly, with o« = [D(8.)/snr]/[1 + D(d.)/snr] and
1—a=1/[1+ D(é.)/snr|, we have

*

Terit = Q71 + (]- - a)rcriﬂ



with 7% ., given by
max {(T2+r1)D(6c) +1+e,m+27+0)0(Q) + rem}.

This 77, exceeds r1, because the amount added to ry in the
second expression in the max is the same as the numerator of
the shortfall * which is positive. Hence ari+(1—a)rf,, is
less than r%..,. So the r..; here improves somewhat on the
choice in the statement of the Lemma.

Moreover, from

ri +r1D(d.)/snr
1+ D(d.)/snr

it follows that (1-+D(6..)/snr) (147 /72) is equal to

(141 /T)DC) |, T

Terit =

1+

snr 72’
as claimed.
Finally, for the last conclusion of the Lemma, it follows
from the fact that
min
—T<z<z*

G(z) = min{G(zg),G(z")},

invoking zg < 0 and combining the bounds form Lemmas 23
and 18. This completes the proof of Lemma 24.

Note from the form of rem and using 1 — ®({) = ®(¢)

that r%,,, — 1 may be written

max {(72+r1)D(5C) +e€,

(r1=1)®() + (27+Q)(2) + (72+11) D(8)B(C) }.

Thus [(72+71)D(J.) + 1] appears both in the first expression
and as a multiplier of ®({) in the remainder of the second
expression in the max.

To clean the upcoming expressions, note that if we replace
the second expression in this max with the bound in which
we add the polynomially small € to it, then 7}, — 1 — ¢
becomes independent of e. Accordingly we henceforth make
that redefinition of 7). Denoting 7., = ., —1 — € it
becomes

max {<T2+TI)D(50),

(r1=1)®(Q) + (27+Q)8(2) + (~*+7) D(8)B(C) }.

Evaluation of the best r,,, arises in the next subsection
from determination of the r; that minimizes it.

E. Determination of 6.:

Here we determine suitable choices of the leveling param-
eter 6.. As we know, d. = 0 corresponds to no-leveling and
0. = snr corresponds to the constant power allocation, and
both will have their role for very large and very small snr,
respectively. Values in between are helpful in conjunction with
controlling the rate drop parameter r.,;;.

Recall the relationship 1+ 6. = (1 + ¢/7)?/(1 + 71 /72),
used in analysis of the gap based on gj.., (), where ( is the
value of z, at the upper end point z* of the interval in which
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the gap property is invoked. In this subsection we hold ( fixed
and ask for the determination of a suitable choice of d..

In view of the indicated relationship this is equivalent to the
determination a choice of r1. There are choices that arise in
obtaining manageable bounds on the rate drop. One is to set
r1 = 0 at which 0. is near 2¢/7, proceeding with a case
analysis depending on which of the two terms of 7., is
largest. In the end this choice permits roughly the right form
of bounds, but noticeable improvements in the constants arise
with suitable non-zero r; in certain regimes.

Secondly, as determined in this section, we can find the r;
or equivalently d. = d,,4tch, at which the two expressions in
the definition of r},;, match. In some cases this provides the
minimum value of 77,;,. Thirdly, keep in mind that we want a
small mistake rate 9, ,. as well as a small drop from capacity
of the inner code. The use of the overall rate of the composite
code provides means to express a combination of §
and D(0.)/snr to optimize.

In this subsection we address the optimization of ¢, for
each (¢ and then in the next subsection the choice of nearly
best values of (. In particular, this analysis provides means to
determine regimes for which it is best overall to use &,qtch
or for which it is best to use instead §. = 0 or d. = snr.

For ¢ > —7, define ¢’ by

¢ =¢(1+¢/2r)
for which (1+(/7)? =1+ 2¢’/7 and define ¥ = ¥(¢) by
¥ = (27 4+ ()¢(¢)/2(C)
and v = v(¢) by the small value
v =207+ @W-1)/7"

* *
mis> Terit

Lemma 25: Match making. Given (, the choice of §. =
Omatch that makes the two expressions in the definition of
. be equal is given by

146, = /(7
at which
147 /7% = (1+C/T)2€_7/(1+</T)2.

This 6. is non-negative for ¢ such that v > 0. At this J. =

Omatch the value of 7% ., =r¥% ., —1 — € is equal to

72(1+r1/72)D(6C) =r +¢-1,

*
crit

which yields 7%, /7% equal to
(1+C/T)2[e—“f/(1+4/7)2 _ 1] + 7,
which is less than v2/[2(1+(/7)?] for v > 0. Moreover, the

contribution 4, to the mistake rate as in Lemma 17, at this

choice of é. and corresponding ry, is equal to

oY
mis 2(7_+<)2 C .
Remark: Note from the definition of 1) and ¢’ that

(2+¢/7)(C+8(0)/®2(C)) — 1/

T




Thus v is near 2(¢ + ¢(¢)/®(¢)) /7.

Using the tail properties of the normal given in the appendix,
the expression ¢ + ¢({)/®(¢) is seen to be non-negative
and increasing in ¢ for all ¢ on the line, near to 1/|¢| for
sufficiently negative (, and at least ¢ for all positive ¢, In
particular, v is found to be non-negative for ( at least slightly
to the right of —7.

Meanwhile, by such tail properties, ¢(¢)/®(¢) is near [(]
for sufficiently negative ¢, so to keep 4., small we will want
to avoid such ¢ unless the capacity C is very large. At (=0
the ¢ equals 47/+/27 so the &%, there is of order 1/7. When
C is not large we will prefer somewhat positive ¢ to produce a
small 67 .. in balance with the rate drop contribution 7%, /72.

The ¢ =0 case is illustrative for the behavior of ~ and related
quantities. There « is (¢)—1) /72 equal to 4/7+/27 —1/72, with
which d, = €7 — 1. Also r1/7? = e7? — 1. The 7}, /7% =
r1/72+(p—1) /72 is then equal to e~7 — 1+ near to and upper
bounded by 72/2 = (1/2)(1)—1)? /7% less than 4/7%x. In this
¢ = 0 case, the slightly positive §., with associated negative
71, is sufficient to cancel the (y—1)/72 part of 7%, /72, leaving
just the small amount bounded by (1/2)(¢) —1)?/7%. With
() —1)/72 less than 2, that is a strictly superior value for
7% .+/7? than obtained with 6. = 0 and ¢ = 0 for which
o /72 s (4—1) /7.

Proof of Lemma 25: The 7

>t — € 1s the maximum of the
two expressions

(72 4+71)D(5:) + 1
and
r®(C) + (27+)d(2) + (72 +11)D(,) + 1]2(C).

Equating these, grouping like terms together using 1—®(¢) =
®((), and then dividing through by ®(() yields

(72 47r1)D(6) — 11 = b — 1.
Using 72+r1 equal to (7+¢)?/(1+6.) and [D(6.) —1]/(146.)
equal to log(1+6,.) — 1 the above equation may be written
(7+0)*[log(146,) — 1] + 7% = ¥ — 1.
Rearranging, it is
T+ (¥-1)
(r+0?*

where the right side may also be written v/(1+(/7)?. Expo-
nentiating establishes the solution for 144, with corresponding
r1 as indicated. Let’s call the value that produces this equality
dc = Omatcn- At this solution the value of 7., =% ., —1—¢
satisfies

log(1+6.) = 1+

(r2+71)D(6:) = r1 + ¢ — L.

Likewise, from the identity (72+71)D(5.) — (r1—1) = 9,
multiplying by ®(¢) this establishes that the remainder used
in Lemma 16 is in the present case equal to rem = v ®(¢),
while the main part (27+()¢(¢) is equal to 1 ®({). Adding
them using ®(¢) + ®(¢) = 1 shows that (27+C)p(¢) +rem is
equal to . This is the numerator in the mistake rate expression

k
6mis'
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Using the form of 71 the above expression for 7% ., /7% may
also be written

(14¢/m)2 [/ /D" 1] 4 4.

With y = ~/(1+¢/7)? positive, the expression in the brackets
is e7¥—1 which is less than y+y?/2. Plugging that in, the part
linear in y cancels, leaving the claimed bound 2 /[2(1+/7)?].
This completes the proof of Lemma 25.

Lemma 26: The optimum 6. quartet. For each (, consider
the following minimizations. First, consider the minimization
of 7%, for d. in the interval [0, snr|. Its minimum occurs
at the positive d. which is the minimum of the three values
6threshm Omatch, and snr, where 6thresho = (I)(C)/(I)(C)

Second, consider the minimization of
(1+D(§C)/snr)(1+rcrit/72)

as arises in the denominator of our rate expression. Its min-
imum for &, in [0, snr) occurs at the positive d. which is
the minimum of the two values d;presn, and dpqtch, Where

5th7‘esh1 is (P(C)/[(I)(C) + 1/sm“]

Third, consider the minimization of the following combi-
nation of contributions to the inner code rate drop and the
simplified mistake rate,

:nis,simp + (1+D(5C)/sm‘)(l+rcm/72) - 17

for d. in [0, snr). For ®(¢) < 1/(142C) its minimum occurs
at . = 0, otherwise it occurs at the positive §. which is the
minimum of the two values d¢yresn and Opqicn, Where

2(¢) - 2(¢)/2¢C
1/snr 4+ ®(¢)(1+1/2C)

5thresh =

The same conclusion holds using 07 ;. = 0% ;. cimp/(14€/7)2,

replacing the occurrences of 2C in the previous sentence with
2C(1+4¢/7)?. Finally, set

Ao, = Ois + (1+D(8c)/snr) (L trenin/7%) — 1

and extend the minimization to [0, snr| using the previously
given specialized values in the . = snr case. Then for each (
the minimum A 5, for d. in [0, snr] is equal to the minimum
over the four values 0, d¢presh> Omater and snr.

Remark: The A 5., when optimized also over ¢, will provide
the Agpqpe Summarized in the introduction. As shown in the
next section, motivation for it arises from the total drop rate
from capacity of the composition of the sparse superposition
code with the outer Reed-Solomon code. For now just think
of it as desirable to choose parameters that achieve a good
combination of low rate drop and low fraction of section
mistakes. As the proof here shows, the proposed combination
is convenient for the calculus of this optimization.

Recall for 0 <4, < snr that (1+D(3.)/snr)(1+7eri/T%)
equals (1+71/7%)D(6.)/snr + 1477, /72 In contrast, for
Sc = snr, we set 0% = ®(() and 7y = max{ryy, 0},
using the form of r,, previously given for this case. These
different forms arise because the gj,.,(2) bounds are used for
0 < 4. < snr, whereas g(z) is used directly for §, = snr.
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Proof of Lemma 26: To determine the §, minimizing r},;,,
in the definition of r7},,, — 1 — € write the first expression

(12471)D(6.) in terms of 6. as
D(é.)
(14+6c)

Take its derivative with respect to .. The ratio D(4.)/(14+9.)
has derivative that is equal to [D’(d.)(14+0.) — D(é.)] divided
by (144.)2. Now from the form of D(d,), its derivative D’(4,.)
is log(144.), so the expression in brackets simplifies to d.,
which is non-negative, and multiplying by the positive factor
(t+¢)?/(1+4.)? provides the desired derivative. Thus this
first expression is increasing in J., strictly so for §. > 0. As
for the second expression in the maximum, it is equal to the
first expression times ®(() plus 71 + ¢ —1 times ®(¢). So
from the relationship of r; and d., its derivative is equal to
[6.®(¢) — ®(¢)] times the same (7+¢)?/(1+6.)%. So the
value of the derivative of the first expression is larger than
that of the second expression, and accordingly the maximum
of the two expressions equals the first expression for §. >
Omatcn, and equals the second expression for d. < dmatch-
The derivative of the second expression, being the multiple of
[6.®(¢) — ®(¢)] is initially negative so that the expression is
initialling decreasing, up to the point Spresn, = ®(C)/®(C)
at which the derivative of this second expression is 0, so the
optimizer of r,,, occurs at the smallest of the three values
Omatchs> Othresh» and the right end point snr of the interval of
consideration.

To minimize (14+D(6.)/snr) (147 e /72) — 1, multiplying
through by 72, recall that it equals (72+71)D(3.)/snr+717..,
for 0 < 0. < snr. Add to the previous derivative values
the amount 6./snr, which is again multiplied by the same
factor (7+¢)?/(1+6.)?. The first expression is still increasing.
The second expression, after accounting for that factor, has
derivative

(T+¢)?

8c/snr + 6.2(¢) — ®(0).

It is still initially negative and hits 0 at dipresn, =
®(¢)/[®(¢) + 1/snr], which is again the minimizer if it
occurs before O,,qich. Otherwise, if 0,,4:cn 1S smaller than
Othresh, then, since to the right of §,,4¢cn the maximum equals
the increasing first expression, it follows that ,,4¢cn is the
minimizer.

Next determine the minimizer of the criterion that combines
the rate drop contribution with the simplified section mistake
contribution dy,;¢ ;... Multiplying through by 72, we have
added the quantity (72+71)D(d.) — r1 +1 times ®(¢)/2C
plus the amount (27 + ¢)¢(¢)/2C not depending on d.. So its
derivative adds the expression (J.+1)®({)/2C times the same
the factor (7+¢)?/(146.)2. Thus, when the first part of the
max is active, the derivative, after accounting for that factor,
is

Se + 0 /snr + (1+6.)®(¢)/2C,
whereas, when the second part of the max is active it is
6. P(C) — ®(C) + desnr + (146.)P(¢)/2C.

Again the first of these is positive and greater than the second.
Where the value 4. is relative to d,,4¢c, determines which part
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of the max is active. For 6. < d,nqtch it is the second. Initially,
at 0. = 0, it is B
—(¢) + @(¢)/2C,

which is (1/2C)[1 — ®(¢)(1+42C)]. If ¢ is small enough that
®(¢) < 1/(1+2C), this is at least 0. Then the criterion
is increasing to the right of §. = 0, whence J. = 0 is
the minimizer. Else if ®(¢) > 1/(1+42C) then initially, the
derivative is negative and the criterion is initially decreasing.
Then as before the minimum value is either at 0¢p.csp, OF
at dmatcn Whichever is smallest. Here dipresn is the point
where the function based on the second expression in the
maximum has 0 derivative. The same conclusions hold with
Orvis = Omis. simp/ (14C/7%) in place of &g, simyp except that
the denominator 2C is replaced with 2C(1+¢/72).

Examining O¢presh, and Oipresh, it iS seen that these are
less than snr. Nevertheless, when minimizing over [0, snr],
the minimum can arise at snr because of the different form
assigned to the expressions in that case. Accordingly the
minimum of A¢ 5, for d. in [0, snr] is equal to the minimum
over the four values 0, 0¢presh» Omaten and snr, referred to as
the optimum ¢, quartet. This completes the proof of Lemma
26.

Remark: To be explicit as to the form of A¢ 5, with 6. = snr,
recall that in this case 1+7,,/72 is

(1—snr ®(C))(1+¢/7)?/(14-sn7).
Consequenty A5, = 5, +(1D(8,)/sn) (7 72) 1.

in this §, = snr case, b;nggmes
- (1+D(snr)/snr) - 9
BQ) + g (L s BO)(1 (/7)1

when r,, > 0. For r,, < 0 as is true for sufficiently small
contributions from snr®(¢) and ¢/, we simply set r..;; = 0
to avoid complications from the conditions of Corollary 19.
Then A 5, becomes

®(¢) + D(snr)/snr.

F. Inequalities for 1, v, and T

:rit'.

At 6. = Omaten, We examine 7, further. Previously, in
Lemma 25 the expression 77, /72 is shown to be less than
72 /[2(14¢/7)?]. Now this bound is refined in the cases of
negative and positive (. For negative ( it is shown that v <
2/7|¢| and for positive |(| it is shown that 7% ., is not more
than max{2(¢")2,4 — 1}. For sufficiently positive ( it is not
more than 2¢2.

Recall that  is less than

(2+¢/7) (¢ + ¢(6)/2(C))

and that ¥ = (27 + {)o(¢) /().

Lemma 27: Inequalities for negative (. For —1 <
¢ < 0, the v is an increasing function less than
min{2/|¢|,4/v2n} /7. Likewise the function 1 is less than

2(I¢[ + 1/1¢l)T

Proof of Lemma 27: For ¢ < 0, the increasing factor 2+ (/7
is less than 2 and the factor ¢ + ¢(¢)/®({) is non-negative,




increasing, and less than 1/|¢| by the normal tail inequalities
in the appendix. At ¢ = 0 this factor is 2/v/27. As for 1) the
factor ¢(¢)/®(() is at least |¢| and not more than |(|+1/|(| for
negative ¢ again by the normal tail inequalities in the appendix
(where improvements are given, especially for 0 < |¢| < 1).
This completes the proof of Lemma 27.

Now we turn attention to non-negative (. Three bounds on
7., are given. The first based on ?/2 and the other two
more exacting to determine the relative effects of 2(¢’)? and

b 1.
Corollary 28: For ¢ > 0 we have 7%, /7% < ~v?/2 and

P < 2(C+6(0)/2(0)".

Proof of Corollary 28: By Lemma 25, the 77, /72 is not
more than 72 /[2(1+¢/7)?]. Now 7 is not more than

2(1+¢/27) (¢ + ¢(6)/2(C))

T

Consequently, 77, is not more than

2(1+¢/27)2(¢ + 6(0)/®(0))
(14¢/7)? '

Using 14-¢/27 not more than 1+¢/7, completes the proof of
Lemma 28.

Lemma 29: Direct 1., bounds. Let 7)., =1}, —1—
€ evaluated at d,,4¢cn. Bounds are provided depending on
whether D(2¢'/7) or (i — 1)/72 is larger. In the case

D(2¢' /1) > (v — 1)/7? the 7, satisfies

crt
e/ 70 < D(2C /7).

In any case, the value of 77, /72 may be represented as an
average of D(2¢’/7) and (¢1)/72, plus a small excess, where
the weight assigned to (¢)—1)/72 is proportional to the small
2¢’ /7. Indeed 7 ., /72 equals

crit

D(2¢' /1) + Y5had
1+2¢)7

where excess is eV — (1 — v) evaluated at

= =D /7)
= e
In the case (¢y—1)/72 > D(2¢'/7) it satisfies

%= —Dec/n)”
2(1+¢/7)*

Proof of Lemma 29: With the relationship between r; and 4.,
recall (72+r1)D(4.) is increasing in J, and hence decreasing
in r;. The 71 that provides the match makes (7%+7r1)D(d.)
equal rq+1—1. At ry = 0, the first is 72D (2¢’/7), so if that be
larger than ¥)—1 then a positive r; is needed to bring it down
to the matching value. Then 7%, is less than 72D(2('/7).
Whereas if 72D(2(’/7) is less than 1)—1 then 7, is greater
than D(2¢’/7), but not by much as we shall see. In any case,
write 7% ., /7% as

+ excess

excess <

r -1
1+¢

T2 T2
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which by Lemma 25 is
W —

T2

1
+ (14¢/7)2e /T _

Use v = 2¢'/7 + (¢»—1)/72 and for this proof abbreviate
a= (p—1)/7% and b = 2(’ /7. The exponent v/(1+(/7)? is
then (a+b)/(1+b) and the expression for 7% ., /72 becomes

a+ (14b)e(@/(H0) _ 1.

Add and subtract D(b) in the numerator to write (a+b)/(1+b)
as (a—D(b))/(14D) plus (b+D(b))(14b), where by the definition
of D(b) the latter term is simply log(1+b) which leads to a
cancelation of the 140 outside the exponent. So the above
expression becomes

a4 e—(eDO)/() _

which is a + e ¥ — 1 = a — v + excess, where excess =
e ¥ —(1-v) and v = (a—D(b))/(140b). For a > D(b), that
is, v > 0, the excess is less than v2/2, by the second order
expansion of e™", since the second derivative is bounded by
1, which provides the claimed control of the remainder. The
a—v may be written as [D(b)+ba]/(1+b) the average of D(b)
and a with weights 1/(1+4b) and b/(1+b), or equivalently as
D(b) 4+ b(a — D(b))/(14b). Plugging in the choices of a and
b completes the proof of Lemma 29.

An implication when ¢ and ¢ — 1 are positive, is that
7 /T2 is not more than

20" (¢ — 1 —-1)?

) KW-D o1P

This bound, and its sharper form in the above lemma, shows
that 7% .. /72 is not much more than D(2¢’/7), which in turn

crit

is less than 2(¢’)?/72, near 2¢%/72.

D¢ /T

Another means by which to show that 7., is not much
more than 2¢? uses the upper bound formed by equating the
two expressions in r* ., with D(d.) replaced by its upper
bound 62/2, where with §. expressed as a function of rq, it
leads to a quadratic equation for the solution r;. It is useful
in refining the above, especially in demonstrating that 7, ., is

less than 2¢? for a range of values of sufficiently positive (.

Corollary 30: r’.., bounds based on a quadratic equation.

In the definition of 7,;, consider the value of r; that matches
upper bounds on the two expressions that arise with D(d,)
replaced by 62/2. Then for every ¢ > 0, the 7%, is not more

h
than 1

"2 v
AP+ =),
It is less than the value 2(¢’)? when 1—1 is less than that value,
and, otherwise, the above expression controls the small amount
by which it exceeds 2(¢’)2. The 71 is given as a solution
to a quadratic equation. The sign of r; equals the sign of
2(¢")2 4 1—1. This r; satisfies 71 < [2(¢")? +1—]/[14+~] and
when 71 is negative it satisfies 71 > [2(¢")%+1—]/[14+2¢" /7).
If ¢ is such that ¢ > 1, the d. is positive. Then 1 < 27’
and 1+71/72 < 1+2(’ /7. For every ¢ > 0, the above bound
on 7’ ., — € may be written

crit
2(¢)? + 1+ 2¢/T) ¢ + d(y-1)/
1+~ ’




With ¢ > 1 it is further tightly upper bounded by replacing
the 7 in the denominator with 2¢’ /7, such that 1+ is at least
(14¢/7)?%. Furthermore, if ¢ is at least ¢ —1 and ¢ > 1/(47),
then
fcrit < 24-2 .
The proof of this Corollary 30 is in the appendix.

We remark that later we will choose (2 = 2log 7/(dv/27)
with a value for d > 1/2, depending on the snr. This arranges
7¢(¢) = d with which v is at least 2d, so it will be at least 1.
Also with d constant, the case that ¢? exceeds 1) —1 is regarded
as somewhat typical. Before proceeding further, let’s compare
the 2¢2 bound achieved when r; is sufficiently positive with
the form 2(¢’)? that holds when r; > 0. The expression 2(¢’)?
equal to 2¢? (1+(/(2T))2, exceeds 2¢2 by an amount near
2¢3 /7, which is of order (log7)*®/7. The point of the last
claim of the corollary is that this excess amount from ¢’ in
place of ( is avoided.

We also take note of the following monotonicity property
of the function ¢(¢) for ¢ > 0. It uses the fact that 7 > 1.

Indeed, 7 > \/2log B is at least \/2log2 = 1.18.

Lemma 31: Monotonicity of v: With 7 > 1.0, the positive
function ¢ (z) = (2742)¢(2)/®(z) is strictly decreasing for
z > 0. Its maximum value is ¥ (0) = 47/v21r < 1.67.
Moreover v = 2(' /7 + (1 — 1)/7? is positive.

Proof of Lemma 31: The function (z) is clearly strictly
positive for z > 0. Its derivative is seen to be

U'(2) = —[¥(2) + 2(27 + 2) — 1]¢(2)/2(2).

Note that the function 727(z) matches the expression in
brackets, this derivative equals

—77(2)6(2)/ @ (2).

The 72v(z) is at least ¢(z) + 272 — 1, and it remains to
show that it is positive for all z > 0. It is clearly positive for
z > 1/27. For 0<z<1/27, lower bound it by lower bounding
P(z) — 1 by 27¢(1/27)/®(1/27) — 1, which is positive
provided 1/27 is less that the unique point z = 2,0t > 0
where ¢(z) = z®(z). Direct evaluation shows that this z is
between 0.5 and 0.6. So 7 > 1.0 suffices for the positivity of
v(z) and equivalently the negativity of ¢'(z) for all z > 0.
This completes the proof of Lemma 31.

The monotonicity of t(¢) is associated with decreasing
shortfall §* as we increase (, though with the cost of increasing
T4+ Evaluating 7% .. as a function of ¢ enables us to control
the tradeoff.

Remark 1: For most { we use ®(¢) is not far from 1. Using
B(¢) < B(¢)/¢. the expression for & = (27+()(C)/B(C) is
not more than what one would have with 1—¢(()/¢ replacing
the ®(¢) in the denominator. Accordingly for the condition
1 < ¢2 + 1, rearranging that bound, it is seen to be sufficient
that

(27 +2¢+1/Q)0(¢) < P+ 1.

Now with { = 1/2log7/(dv/27), the right side is of order

log 7, while the left side is near 2d. So the condition can be
comfortably satisfied.
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Remark 2: With (¢)—1)/7 small compared to ¢, the above
proof shows that 7%, — 2¢* — 1 is bounded by an expression
near

—[2¢/7][¢ +1 -] +e.

So with (2 + 1 — 4 positive and of the order log 7, the first
part is sufficiently negative that it remains so when we add the
polynomially small e. Then we have the even simpler bound,
without need for the e,
r:rit S 242 - L

Remark 3: The rate R = C’/(1+r/72) has been parameterized
by r. As stated in Lemma 24, the relationship between the gap
and r, expressed as gap = (r—rqpit)/[snr(72+r1)], may also
be written r = 7.4 + snr(72+7r1)gap. Recall also that we
may set gap = 1+ f + 1/(m—1), with f = mf*p. In this
way, the rate parameter r is determined from the choices of ¢
that appear in 7, as well as from the parameters m, f and
71 that control, respectively, the number of steps, the fractions
of false alarms, and the exponent of the error probability.

The importance of ¢ in this section is that provides for the
evaluation of r..;; and through r; it controls the location of
the upper end of the region in which g(z) — = is shown to
exceed a target gap. For any (, the above remark conveys the
smallest size rate drop parameter r for which that gap is shown
to be achieved.

In the rate representation R, draw attention to the product of
two of the denominator factors (1+D(6.)/snr)(1+r/7%). We
represent these factors in a way that exhibits the dependence
on 7}, and the gap.

Using 7 equal to 7o + snrgap7? (1+71/7%) write the
factor 1+7/72 as (1+7er/72)(1 + € snr gap) where £ is
the ratio (1+71/72)/(1+7erit/72), a value between 0 and 1,
typically near 1. Thus the product (1+D(d.)/snr)(1+r/72)
takes the form

(1+D(5c)/snr) (1+7"cm‘t/7'2) (1 + Esnr gap).
Recall that (14+D(3.)/snr)(147e0i¢/72) is equal to

(1411/7)D) | rivi

1
+ snr T2

which, at 71 = 71 matcn, 18 equal to

~k
Terit

~s%
Tcm't + 1 + €
snr 72 T

2

So in this way these denominator factors are expressed in
terms of the gap and 77, where 7., is near 2¢* by the
previous corollary.

We complete this subsection by inquiring whether 7., is
positive for relevant (. By the definition of 7., its positivity
is equivalent to the positivity of 7%, + r1D(d.)/snr which
is not less than 1 + € + (72 + r1)D(6.) + r1D(8.)/snr. The
multiplier of D(..) is (724 r1)(1+ 1/snr) which is positive
for r1 > —72snr/(1+snr). So we ask whether that be a
suitable lower bound on r;. Recall the relationship between
x* and rq,

1_1‘*: r—nr = gap + Terit — T1
snr(T2+7r1) gap snr(r2+ry)’



Recognizing that r..;+ — 1 equals 7}, — r1 divided by
1+ D(d.)/snr, expressing D(d.) in terms of r% ., and r as
above, one can rearrange this relationship to reveal the value
of r1 as a function of z* + gap and r} ;. Using v}, > 0
one finds that the minimal r; to achieve positive z* + gap is
indeed greater than —72 snr/(1+4snr).

G. Determination of (:

In this subsection we solve, where possible, for the optimal
choice of ¢ in the expression A; 5, which balances contribu-
tions to the rate drop with the quantity &, related to the
mistake rate. As above it is

Acs, =0mis + (1+D(5C)/snr) (1+rcr,;t/7'2) —1.

We also work with the simplified form A¢ 5. gimp in which
Ohis,simp 15 used in place of ;.. For 0 < 4. < snr, this
A¢,5, coincides, as we saw, with

reQoQ) trem | (Ler/rIDE) | i
2CT2(14¢/7)?

where rem = [(7%+r1) D(8,)—~(r1—1)] (). Define A¢ s, simp
to be the same but without the (1+¢/7)? in the denominator
of the first part.

Seek to optimize A¢ 5, or A¢ 5, simp Over choices of ¢ for
each of the quartet of choices of . given by 0, d;presh> Omatch
and snr. The minimum of A 5  provides what we denote as
Ashape as summarized in the introduction.

Optimum or near optimum choices for ¢ are provided for
the cases of d. equal to 0, d,,q¢ch, and snr, respectively. These
provide distinct ranges of the signal to noise ratio for which
these cases provide the smallest A 5.. At present we have
not been able to determine whether the minimum A¢ s, ..,
has a range of signal to noise ratios at which its minimum is
superior to what is obtained with the best of the other cases.
What we can confirm regarding ;p..csp is that for small snr
the ming A¢ s,,,.., T€QUIres dzpresn near snr, and that for snr
above a particular constant, the minimum A s,, ... matches
ming A¢ o with d¢presn, = 0 at the minimizing ¢.

Optimal choices for ¢ for the cases of §. equal to 0, d,atch,
and snr, respectively, provide three disjoint intervals R;, Ro,
R3 of signal to noise ratio. The case of d. = 0 provides the
optimum for the high end of snr in Rj; the case of §. =
Omatcn provides our best bounds for the intermediate range
Rs; and the case of 6. = snr provides the optimum for the
low snr range R;.

Our tactic is consider these choices of . separately, either
optimizing over ( to the extent possible or providing reason-
ably tight upper bounds on mins A¢ 5., and then inspect the
results to see the ranges of snr for which each is best.

Note directly that A, 5, is a decreasing function of snr for
the §. = 0 and 6. = Oymatcn cases, so ming A¢ 5, will also be
decreasing in snr. Likewise for A¢ 5. simp-

Remember that we are using log base e, so the capacity is
measured in nats.

snr T2’

Lemma 32: Optimization of A¢ s, simp With 6. = 0. At
dc = 0, the A¢ g simp i optimized at the 1/(2C+1) quantile
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of the standard normal distribution
¢ =G = ®(1/(2C+1)).

If C > 1/2 this (¢ is less than or equal to 0 and ming A¢ o, simp
is not more than

(2c+1)o() | 1

Cr 72’

Dividing the first term by (1+(c/7)? gives an upper bound
on min¢ A¢ o valid for {¢ > —7. The bound is decreasing in
C when (¢ > —7 + 1. Let C, exponentially large in 72/2, be
such that Cc,,,,, = —7+1. For C > Ciarge, use ( = —7+1in
place of (¢, then the first term of this bound is exponentially
small in 72/2 and hence polynomially small in 1/B.

Thus the ( = (¢ advocated for 6. = 0 is
¢t = max{(c,—7 + 1}.

Examination of the bound shows an implication of this
Lemma. When C/+/logC is large compared to 7 the Agpape
is near 1/72. This is clarified in the following corollary which
provides slightly more explicit bounds.

Corollary 33: Bounding min A¢ o with 6. = 0. To present
upper bounds on ming A¢ g simp, the choice ¢ = 0 provides

(0+1) (1 1
¢ \rvar @ 4r2)’

which also bounds min¢s A¢ g. Moreover, when C > 1 /2, the

optimum (¢ satisfies |(c| < y/2log(C+1/2) and provides the

following bound, which improves on the ( = 0 choice when

C>22,
£(1¢el)

L
Ct 72’

not more than
£(v/2log(C+1/2))
Crt

where £(z) equals z+1/z for z > 1 and equals 2 for 0 < < 1.
Dividing the first term by (1+(¢/7)?, gives an upper bound
on min¢ A¢ o of

1
o

e, 1

Ct(14¢c/7)? =
When B > 1+ snr, this bound on ming A¢ ¢ improves on the
bound with ¢ = 0, for C > 5.5. As before, when C > Cigrge
for which (¢,,,,. = —7 + 1, we use the bound with Ci4rge in
place of C.

The min¢ A¢ o simp bound above is smaller than given
below for min¢g A¢ s,....n,simp» When the snr is large enough
that an expression of order C/(logC)3/? exceeds T.

There is a role in what follows for the quantity d = dg,, =
2C/v = (141/snr)log(1+snr). It is an increasing function
of snr, with value always at least 1.

For 2C/v > 1/ V27 we use non-positive ¢, whereas for
2C/v < 7/v/2m we use positive ¢. Thus the discriminant of
whether we use positive  is the ratio w = d/7 and whether
it is smaller than 1//27. This ratio w is

a_2

T vt



In the next two lemma we use 6, = d,nqtch- Using the results
of Lemma 25 and 1 + 1/snr = 1/v, the form of A¢ s
simplifies to

match

P 17 n 1+e
2CT2(14¢/7)? v T2 T2

Recall for negative ¢ we have that ¢ is near 27|¢| and 77,

through v2/2 is near 2/|¢|?, with associated bounds given in
Lemma 27. So it is natural to set a negative ¢ that minimizes
—71¢/C +2/(v ¢?72) for which the solution is

¢ =—(4C/vr)/® = —(2w)'/?,
which we denote as (; 3.

Lemma 34: Optimization of A¢ s, at ¢ = dmatch: Bounds
from non-positive . The choice of ¢ = 0 yields the upper
bound on ming A¢s,..,., Of

2 4 1+e€
CTmV2r + vTim + T2
As for negative ¢, the choice ¢ = (;/3 = —(4C/v7)Y/? yields
the upper bound on ming A¢ s, ..., of
1 2.4 2 1+e
(14 Ciy3/7)? <V1/3C2/3T4/3 + |§1/3|C7) + T2
Amongst the bounds so far with ¢ < 0, the first term
controlling &% ;. is smallest at ¢ = 0 where it is 2/[C 7v/27].

mis

The advantage of going negative is that then the 4/[v 727]
term is replaced by terms that are smaller for large C.

Comparison: The two bounds in Lemma 34 may be written

as
A1 1), 1k
v |\ rw T T2
and
4 1.5 " 2 1+e€
vr? [ (2w)2/3  (2w)Y/3 727

respectively, neglecting the (1 4 (y/3/7) factor. Numerical
comparison of the expressions in the brackets reveals that the
former, from ¢ = 0, is better for w < 5.37, while the later from
¢ = (i3 is better for w > 5.37, which is for (/3| > 2.2.

Next compare the leading term of the bound (/3 and 6. =
Omatch to the corresponding part of the bound using (¢ and
d. = 0. These are, respectively,

2.4
V1/302/374/3

¢(l¢el)
Ct
From this comparison the §. = 0 solution is seen to be better

h
when 45C

ve(eDE ~

Modified to take into account the factors 14¢; /3 /7 and 14(5 /7,
this condition defines the region R3 of very large snr for
which §, = 0 is best. To summarize it corresponds to snr large
enough that an expression near 4.5C/(log C)>/? exceeds , or,
equivalently, that C is at least a value of order 7(log 7')3/ 2,
near to (7/4.5)(log(7/4.5))*>, for sufficient size 7.

and

47

Next consider the case of w = d/7 less than 1//27 for
which we use positive (. The function ¢(¢)/®(¢) is strictly
decreasing. From its inverse, let (, be the unique value at
which ¢(¢)/®(¢) = 2w. We use it to provide a tight bound
on the optimal A¢ 5

match*

Lemma 35: Optimization of A¢ 5, at 6¢ = dmatch: Bounds
from positive (. Consider the case that 7/v/27 > 2C/v. Let
w = 2C/v 7. The choice of { = (,, yields A¢ s not more
than

match

2 2 1+e€
o (24 (G 2e)] +

This (, is not more than ( = \/2 log (1/2 4 1/2wv/27)

which is
1 TV
2log | =+ ——— |,
\/ g<2 4C\/27T)

is not more than

at which A¢ s

match

2
L PR N £ L P I
v T2 &\ 3 AC 27 TV T2

For small d/7 the 2w = 4C/v T = 2d/7 term inside the
square is negligible compared to the log term. Then the bound
is near

A 1+1o L +— + 1

VT2 &\2 " 2avar T2’
In particular if snr is small the d = 2C/v is near 1 and the
bound is near

4 141 L + T + !
— og | = —.
VT2 & 2 2o T2
Finally, consider the case d. = snr. The following lemma

uses the form of A¢ 4y, given in the remark following Lemma
26.

Lemma 36: Optimization of A¢ 5, at 6. = snr. The A¢ oy
is the maximum of the expressions
= 14+D(snr)/snr
a¢) 4 (LHDlsnr)/sn)
(1+ snr)

(14 snr®(¢))(1+¢/7)? — 1

®(¢) + D(snr)/snr.

The first expression in this max is approximately of the form
b®(¢) + 2¢/7 + ¢, optimized at

¢ = \/210g(r(1+20)/2v2m),

where b = 1+2C and c is equal to the negative value

(1/snr)log(1+snr) — 1, at which ®(¢) < ¢(¢) = 2/(7b).
This yields a bound for that expression near
5 2y/2l0g(r(1420)/2v2m)

=+ +

T T

¢,

with which we take the maximum of it and
2 D(snr)
7(142C) '

snr



Recall that D(snr)/snr < snr/2. Because of the
D(snr)/snr term the A¢ 4y, is small only when snr is small.
In particular A¢ sy, is less than a constant time +/logT/7T
when snr is less than such.

In view of the v = snr/(14snr) factor in the denominator

of A¢ 5, 000n» We see that ming A¢ g, provides a better bound
than A¢ 5, .., for snr less than a constant times /log /7.

Proof of Lemma 32 and its corollary: This Lemma concerns
the optimization of ¢ in the case §. = 0. In this case 1+
r1 /7% = (14¢/7)?, the role of 77, is played by 7, and the
value of A¢ o simp 18

1 2r Q) + rem

Lt 27+0)9(¢) +rem

2C 72 T2
Here rem = —(r; —1)®(¢), with r; = 2¢7 + (2. Direct
evaluation at ( = 0 gives a bound, at which r; = 0 and
rem = 1/2.

Let’s optimize A¢ o, simyp for the choice of ¢. The derivative
of (27+()#(C) +rem with respect to ¢ is seen to simplify to
—2(7+¢)®(¢). Accordingly, A¢ o simp has derivative

2(7+¢) (1 - (% + 1)<I>(<)> ,
which is 0 at ¢ solving ®(¢) = 2C/(2C +1), equivalently,
®(¢) = 1/(2C+1). At this ¢, the quantities multiplying r;
including the parts from the two occurrences of the remainder
remainder are seen to cancel, such that the resulting value of
A{,O,sim;o is

(1+1/20) 2+ Ce)o(G) + 1

T2

With 2C > 1, this { = (¢ is negative, 50 A¢ o simyp is Ot more

than

(2C+1)lce) | 1

Cr T2’
Per the inequality in the appendix for negative ¢, the ¢((c)
is not more than £(|Cc|)®(Ce) = &£(ICe|)/(2C+1), with £(|C])
the nondecreasing function equal to 2 for || < 1 and equal to
IC| 4+ 1/|¢| for |¢| greater than 1. So at { = (¢, the A¢ o simp
is not more than
(cel) | 1

T2’

Ct
where from 1/(2C+1) = ®(Cc) < (1/2)e=%¢/2 we have || <

V2log(2C+1)/2).

The coefficient £(1/21log(2C+1)/2) improves on the (2C+
1)/v/2n from the ( = 0 case when (2C +1)/2 is less
than the value val for which £(v/2logval) = (2/v/2m)val.
Evaluations show val to be between 2.64 and 2.65. So it is
an improvement when 2C > 2val — 1 = 4.3, and C > 2.2
suffices. The improvement is substantial for large C.

Dividing the first term by (1+(¢/7)? produces an upper
bound on Ao when (¢ > —7. Exact minimization of A¢ g
is possible, though it does not provide an explicit solution.
Accordingly we instead use the (¢ that optimizes the simpler
form and explore the implications of the division by (1+
Ce/T)%

Consider determination of conditions on the size C such that
the bound on ming Aeq,0 is an improvement over the ¢ = 0
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choice. One can arrange the |(¢|/7 to be small enough that
the factor (14(¢/7)? in the denominator remains sufficiently
positive. At ¢ = (¢, the bound on |(c| of 1/2log(2C+1)/2)
is kept less than 7 = \/2log B(1+6,) when B is greater than
C, and |Cc|/7 is kept small if B is sufficiently large compared
to C.

In particular, suppose B > 1+ snr, then 72/4 is at
least C = (1/2)log(1 + snr), that is, 7 > +/4C, and
(1+¢/7) is greater than 1 — /(1/2C)log(2C+1)/2), which
is positive for all C > 1/2. Then for our non-zero (¢
bound on A¢o to provide improvement over the ( = 0
bound it is sufficient that C be at least the value Cy at
which (2C+1)/v/27 equals £(1/21log(2C+1)/2) divided by
[1-2,/(1/2C) log((2C+1)/2)]2. Numerical evaluation re-
veals that Cy is between 5.4 and 5.45.

Next, consider what to do for very large C for which 7 +
(c is either negative or not sufficiently positive to give an
effective bound. This could occur if snr is large compared
to B. To overcome this problem, let Cj,rg be the value with
CCapacityarge = —T + 1. For C > Ciapge, use this ¢ = (e,
in place of (¢ so that 74 = 1 stays away from 0. Then upper
bound A, ¢ by replacing the appearance of C with Cjqygc. This
Clarge has /210g((2Ciarge + 1)/2) > |¢| =7 — 1 so that

2Clarge +12> 26(7_1)2/2-

More stringently,
1 —_—
2Clarge +1 B

from which 2Cj4rge + 1 is at least (7 —1)v/ 2me(™=1?/2 Then
for C > Ciarge, at ¢ = Ccmge the term

() =2(r-1) < o(r—1),

T—1

€<

C(r+¢)?

is less than )
2T

(1 — 1)V2me(m-D?/2 — 1

which is exponentially small in 72 /2 and hence of order 1/B
to within a log factor. Consequently, for such very large C,
this term is negligible compared to the 1/72.

Finally, consider the matter of the range of C for which the
expression in the first term (2C + 1)¢((c)/[C T(1+Cc/T)?] is
decreasing in C even with the presence of the division by (14
Cc/7)?. Taking the derivative of this expression with respect to
C, one finds that there is a C.ri;, with value of (¢, ,, not much
greater than —7, such that the expression is decreasing for C
up to Cerit, after which, for larger C, it becomes preferable to
use ¢ = (c,,,, in place of (¢, though the determination of C;
is not explicit. Nevertheless, one finds that at C = Cj4y.gc Where
(¢ = —7+1, the derivative of the indicated expression is still
negative and hence Cigrge < Cerig. Thus the obtained bound
is monotonically decreasing for C up to Cjqrge, and thereafter
the bound for the first term is negligible. This completes the
proof of Lemma 32 and its corollary.

Proof of Lemma 34: Recall for negative ( we have that 1 is
bounded by 27[|¢| + 1/|¢]]. Likewise 7%, /72 is bounded by
2 /[2(1+¢/7)?]. Using v < 2/|C|r this yields 77, /7% less



than 2/[¢?(7+¢)?]. Plugging in the chosen ¢ = (; /3 produces
the claimed bound for that case. Likewise directly plugging in
¢ = 0 into the terms of A¢ s, ..., provides a bound for that
case. This completes the proof of Lemma 34.

Proof of Lemma 35: As previously developed, at §, =
Omatch, the form of A¢ s simplifies to

match
’ll) 1 f:rit

2CT2(14¢/7)?

Now by Corollary 28, with { > 0,

P < 2(C+ 6(0)/2(0))>
Also (¢) = 2r(1+¢/2r)(C)/D(C) and the (1+C/27)

factor is canceled by the larger (1+4¢/7)? in the denominator.
Accordingly, A¢ 5 has the upper bound
2
ZON

2
N (C 4+ (b(C)) +
C1®(¢) v1? o(¢)

Plugging in ¢ = ¢, for which ¢(¢)/®(¢) = 2w produces the

claimed bound.
2w 2
Ct *
To produce an explicit upper bound on A¢ 5, .. . replace the
®(¢) in the denominator with its lower bound 1—+/27¢()/2,
for ¢ > 0. This lower bound agrees with ®(¢) at ¢ = 0 and in
the limit of large ¢. The resulting upper bound on A¢ s

is

1+e

v T2 T2

match

1+e€
T2

2 1+€
2 (Cw +2w)~ + —

match

4(0) +12<“_ 4(0) )2
cri—vamo©2) v T v

plus (1+€)/72.
The bound on ¢(¢)/®(¢) of ¢(¢)/ (1—v2m¢(¢)/2) is found
to equal 2w when /27 ¢(¢) equals 2/[1 + 1/w+/27], at which

C—C* is
* 2 7]' 71
C \/ : (2 2(.()\/27 >

Accordingly, this ¢* upper bounds (,, and the resulting bound
on AC*#S is

match

% 2 . 1+e
I S e
Cr + VT2 (¢ +20)" + T2

Using 2w =4C/vT it is

2 2 1+6
3 2+ (C+2w)" ]+ ot

This completes the proof of Lemma 35.
To provide further motivation for the choice (,,, the deriva-
tive with respect to ( of the above expression bounding

A¢ 5,000 for ¢ > 0is seen, after factoring out (4/v)({+¢/P),
to equal 5 b
1
“e (el

where the last term is negligible if ¢ is not small. The first
two yield 0 at ¢ = (,. Some improvement arises by exact
minimization. Set the derivative to 0 including the last term,
noting that it takes the form of a quadratic in ¢/®. Then at

49

the minimizer, ¢/® equals [\/(C+1/2w)? + 4 — ((+1/2w)]/2
which is less than 1/(¢+1/2w) < 2w.

For further understanding of the choice of (, note that for
not small, ®(¢) is near 1 and the expression to bound is near
#(¢)/(C7) + 2¢?/vT?, which by analysis of its derivative is
seen to be minimized at the positive ¢ for which ¢(¢) equals

AC/vT = 2w. Tt is (1 = 1/2log1/(2wv/27). One sees that

¢* is similar to (y, but has the addition of 1/2 inside the
logarithm, which is advantageous in allowing w up to 1/+/27.
The difference between the use of (* and (; is negligible when
they are large (i.e. when w is small), nevertheless, numerical
evaluation of the resulting bound shows (* to be superior to
¢ for all w < 1/+/2m.

In the next section the rate expression is used to solve for
the optimal choices of the remaining parameters.

X. OPTIMIZING PARAMETERS FOR RATE AND EXPONENT

In this section we determine the parameters that maximize
the communication rate for a given error exponent. Moreover,
in the small exponent (large L) case, the rate and its closeness
to capacity are determined as a function of the section size B
and the signal to noise ratio snr.

Recall that the rate of our sparse superposition inner code

" (1-h)C

(1404)2(1462,,,) (1+7r/72)’
with (1-h") = (1-h)(1—hy). The inner code makes a weighted
fraction of section mistakes bounded by d,, = 6* +n + f
with high probability, as we have shown previously. If we
multiply the weighted fraction by the factor 1/[L min (4]
which equals fac = snr (14+62,,,,)/[2C(1+6.)], then it provides

an upper bound on the (unweighted) fraction of mistakes
Omis = fac §,, equal to

Smis = fac (6" +n+ f).
So with the Reed-Solomon outer code of rate 1 — d,,;5, which
corrects the remaining fraction of mistakes, the total rate of
our code is

(1 = 0mis)(1=h")C
(1462,,,)(1+8,)2(1 +r/72)"
This multiplicative representation is appropriate considering
the manner in which the contributions arise. Nevertheless,
in choosing the parameters in combination, it is helpful to

consider convenient and tight lower bounds on this rate, via
an additive expression of rate drop from capacity.

Rtot =

Lemma 37: Additive representation of rate drop: With a
non-negative value for r, represented as in Remark 3 above,
the rate Ry is at least (1 — A)C with A given by

snré* T (1+7r1/72)D(6.)
A = crit
(1+0.)2C + T2 + snr
+ 2+ f) + Chy ot h2s, 4 2
50 (1 snrgap + hy ot I

These are called, respectively, the first and second lines
of the expression for A. The first line of A is what we
have also denoted in the introduction as Agpgpe Or in the



previous section as As to emphasize its dependence on (
which determines the values of 71, d., and 6*. In contrast
the second line of A, which we denote Agcconq, depends on
, f , and a. It has the ingredients of A4 and the quantities
which determine the error exponent.

Proof of Lemma 37: Consider first the ratio
1-— 5mis
(1 +6§um) (1 + 7“/7’2) '

Splitting according to the two terms of the numerator and using
the non-negativity of r it is at least

1 5mis
(14062,,,) (1 +r/72)  1+62

From the form of fac, the ratio §,,,;s/(14+02,,,
is equal to

) subtracted here

snr (0" +n+f)
2 (1+4.) '

where in bounding it further we drop the (1 + ) from the
terms involving 7 + f, but find it useful to retain the term
involving 0*.

Concerning the factors of the first part of the above differ-
ence, use 62,,, < D(8.)/snr + 2C/Lv to bound the factor

sum

(140Z,m) by
(1+D(d.)/snr) (1+2C/Lv).

and use the representation of (1+ D(d.)/snr)(1+r/72)
developed at the end of the previous section,

(1 + (L471/7)D(%) + Ti’““) (1+£ snrgap)

snr T2
to obtain that the first part of the above difference is at least

* 1 2\D(4. 2
1 . |:Tc7‘21t + ( +7’1/7— ) ( ) —I—Snrgap—l— C:| .
T snr Lv

Proceed in this way, including also the factors (1—A') and
1/(144,) to produce the indicated bound on the rate drop from
capacity. This bound is tight when the individual terms are
small, because then the products are negligible in comparison.
Here we have used 1/(146;) > 1—¢; and (1—071)(1—62)
exceeds 1—d1—45, for non-negative reals §;, where the amount
by which it exceeds is the product §;05. Likewise inductively
products [[,(1-0;) exceed 1—3 . ¢;. This completes the proof
of Lemma 37.

This additive form of A provides some separation of effects
that facilitates joint optimization of the parameters as in the
next Lemma. Nevertheless, once the parameters are chosen, it
is preferable to reexpress the rate in the original product form
because of the slightly larger value it provides.

Let’s recall parameters that arise in this rate and how they
are interrelated. For the incremental false alarm target use

f* — 1 e—ax/QlogB
V2my/2log B ’
such that
5 — log 1/[f*V/2m+/21og B]

2log B
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With a number of steps m at least 2 and with p at least 1,
the total false alarms are controlled by f = mf*p and the
exponent associated with failed detections is determined by a
positive 1. Set hy equal to 2 snr f plus the negligible ez =
2snry/(1+4snr)k /L + snr /Ly, arising in the determination
of the the weights of combination of the test statistic. To
control the growth of correct detections set

gap =n+ f +1/(m—1).

*

The 7y, 7)., 0° and J. are determined as in the preceding
section as functions of the positive parameter (.
The exponent of the error probability e~L=¢ is & = &,
either given by
&y = 2n?

or, if we use the Bernstein bound, by

1L Ui
2Ly V+(1/3)nL/Lx

where V is the minimum value of the variance function
discussed previously. For our power allocation the L, =
1/ max, m( has L/Lr equal to (2C/v)(1 4 62,,,), which

may be replaced by its lower bound (2C/v) yielding

2
S —
T Vr/C+(2/3)n
In both cases the relationship between £ and 7 is strictly
increasing on 1 > 0 and invertible, such that for each £ > 0
there is a unique corresponding 7(€) > 0.

Set the Chi-square concentration parameter i so that the
exponent (n—m+1)hZ, /2 matches L, E,, where h,, equals
(nh—m+1)/(n—m+1). Thus h,, = \/2&, Lr/(n—m+1)
which means

h=(m=1)/n+\/2&, Lo(n—m+1)/n.

With L, < (v/2C)L not more than (v/2)n/log B, it yields
h not more than (m—1)/n + h* where

h* = /v&,/log B.

The part (m—1)/n which is (m—1)C/Llog B is lumped with
the above-mentioned remainders 2C/Lv and €3, as negligible
for large L.

Finally, p > 1 is chosen such that the false alarm exponent
fD(p)/p matches &,. The function D(p)/p =logp—1+1/p
is 0 at p = 1 and is an increasing function of p > 1 with
unbounded positive range, so it has an inverse function p(€)
at which we set p = p(&,/f).

It behooves us to pin down as many of these values as we
can by exploring the best relationship between rate and error
probability achieved by the analysis of our decoder.

We take advantage of the decomposition of Lemma 37.

Lemma 38: Optimization of the second line of A. For
any given positive 1 providing the exponent &, of the error
probability, the values of the parameters m, f and p, are
specified to optimize their effect on the communication rate.



The second line Ageconq of the total rate drop (C—R)/C bound
A is the sum of three terms

A + Af + A,

plus the negligible A, = 2C/(Lv)+ (m—1)C/(Llog B) + €3.

Here
snr logm

m—1 + log B

is optimized at a number of steps m equal to an integer part
of 2+ snrlog B at which A,, is not more than

Am =

1 log(2+snrlog B)
log B log B '
Likewise Ay is given by
- log (fv/2n/21log B
snr(3+1/2C)f — g/ 107;3 g ),

optimized at the false alarm level f = 1/[snr(3+1/2C) log B]
at which

1 log (snr(3 +1/2C)y/log B/V/4r)

Az = :
! log B * log B
The A, is given by
1
A, = nsnr(14+1/2C) + lsggg +h*

evaluated at the optimal p = p(&,/f). It yields A, not more
than

nsnr(l+1/2C) + &, snr(3+1/2C) + 1/log B + h*.

Together the optimized A,, + Ay form what is called
Agiarm in the introduction. In the next lemma we use the
A, expression, or its inverse, to relate the error exponent to
the rate drop.

Proof of Lemma 43: Recall that

o5 _ 108 [pm/(fV2r\/21og B)]
‘o log B ’

The log of the product is the sum of the logs. Associate the
term log m/ log B with A,,, and the term log p/ log B with A,
and leave the rest of 2§, as part of A . The rest of the terms
of A associate in the obvious way. Decomposed in this way,
the stated optimizations of A, and A are straightforward.
For A,, = snr/(m—1) 4+ (logm)/(log B) consider it
first as a function of real values m > 2. Its derivative is
—snr/(m — 1)% + 1/(m log B), which is negative at m; =
1 + snrlog B, positive at mo = 2 + snrlog B, and equal
to 0 at a point mj = [m2 + \/m3 —4]/2 in between m;
and my. Moreover, the value of A,,, is seen to be smaller
than the value of m;. Accordingly, for m in the interval
m1 < m < mgy, which includes an integer value, the A,,
remains below what is attained for m < my. Therefore,
the minimum among integers occurs at either at the floor
|2 + snrlog B] or at the ceiling [2 + snrlog B| of mao,
whichever produces the smaller A,,. [Numerical evaluation
confirms that the optimizer tends to coincide with the rounding
of mj to the nearest integer, coinciding with a near quadratic
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shape of A, around mj, by Taylor expansion for m not far
from m3.]

When the optimal integer m is less than or equal to
mo = 2 4 snrlog B, use that it exceeds m; to conclude that
A, < 1/log B + (logms)/(log B). When the optimal m is
a rounding up of ms, use snr/(m—1) < snr/(1+snrlog B).
Also logm exceeds logmsg by the amount log(m/ms) <
log(1+1/mg) less than 1/(1+ snrlog B), to obtain that at
the optimal integer, A,,, remains less than

1 log mo
logB logB

For A and A, there are two ways to proceed. One is to use
the above expression for d,, agd set A 7 as indicated, which
is easily optimized by setting f at the value specified.

For A,, note that the log p/ log B has numerator log p equal
to1—1/p+&,/f at the optimized p, and accordingly we get
the claimed upper bound by dropping the subtraction of 1/p.
This completes the proof of Lemma 43.

It is noted that in accordance with the inverse function
p(E,/f) there is an indirect dependence of the rate drop on
f when &, > 0. One can jointly optimize A 7+ A, for f for
given 7, though there is not explicit formula for that solution.
The optimization we have claimed is for A Iz which produces
a clean expression suitable for use with small positive 7.

A closely related presentation is to write

05 — log [m/(f*v/2m\/2log B)]
‘o log B
and in other terms involving f, write it as pf*. Optimization
of _
log (f*\/27r\/210gB)

snr(3+1/2C)pf* —

log B ’

occurs at a baseline false alarm level f* that is equal to
1/[p snr(3+1/2C) log B]. These approaches have the baseline
level of false alarms (as well as the final value of §,) depending
on the subsequent choice of p.

One has a somewhat cleaner separation in the story, as
in the introduction, if f* is set independent of p. This is
accomplished by a different way of spitting the terms of
Asecond- One writes f = pf* as f* + (p—1)f*, the baseline
value plus the additional amount required for reliability. Then
set Az. to equal

log (f*\/%\/ﬂogB)
log B ’

optimized at f* = 1/[snr(3+1/2C) log B], which determines
a value of J, for the rate drop envelope independent of 7. In
that approach one replaces A, with

nsnr(14+1/2C) + (p—1)snr(3+1/2C) + h*,

snr(3+1/2C)f* —

with p defined to solve f*D(p) = &,. There is not an explicit
solution to the inverse of D(p) at &,/f*. Nevertheless, a
satisfactory bound for small 7 is obtained by replacing D(p) by
its lower bound 2(,/p — 1), which can be explicitly inverted.
Perhaps a downside is that from the form of the f* which
minimizes A 7. one ends up, multiplying by p, with a final f
larger than before.



With 2(,/p — 1)? replacing D(p), it is matched to 2n?/f*
by setting /p — 1 =7/ \/]T* and solving for p by adding 1
and squaring. The resulting expression used in place of A,
is then a quadratic equation in 7, for which its root provides
means by which to express the relationship between rate drop
and error exponent. Then pf* is (\/F =+ 77)2.

A twist here, is that in solving for the best f*, rather than
starting from 7 = 0, one may incorporate positive 7 in the
optimization of

log (f*\/ﬂ\/ZlogB)
log B ’

snr(341/2C)(y/ f* +7})2 —

for which, taking the derivative with respect to \/F and
setting it to 0, a solution for this optimization is obtained as the
root of a quadratic equation in \/F . Upon adding to that the
other relevant terms of Agccong, namely n snr(141/2C) 4+ h*,
one would have an explicit, albeit complicated, expression
remaining in 7.

Set Ap = A(snr, B) equal to Agpape + A + Ay at the
above values of ¢, m, f (or should we use f*?). This Ap
provides the rate drop envelope as a function only of snr and
B. Tt corresponding to the large L regime in which one may
take 7 to be small. Accordingly, Ap provides the boundary
of the behavior by evaluating A with n = 0.

The given values of m and f optimize Ap, and the given
¢ provides a tight bound, approximately optimizing the rate
drop envelope A pg. The associated total rate R;,; evaluated at
these choices of parameters with = 0, denoted Cp, is at least
C(1 — Ap). The associated bound on the fraction of mistakes
of the inner code is 0%, = (snr/2C)(5* + f).

Express the A, bound as a strictly increasing function of
the error exponent £

0(E) snr(141/20)+E (34 /2C)+1110/gp§m+\/u5/ log B
and let £(A) denote its inverse for A > 0, [recognizing also
per the statement of the Lemma above the cleaner upper bound
dropping the 1/p(E/f)/log B term]. The part 7(E) snr/2C
within the first term is from the contribution to 26,,;s in the
outer code rate. From the rate drop of the superposition inner
code, the rest of An written as a function of £ is denoted
Ay super and we let Egper(A) denote its inverse function.

For a given total rate R;,; < Cp, an associated error
exponent & is

E((Cr—Ruior)/C),

which is the evaluation of that inverse at (Cp — Ry0t)/C.
Alternatively, in place of Cp we may use its lower bound
C(1-Ap) and take the error exponent to be £ (17Rt0t /C—A B) .
We show either choice provides an error exponent of a code
of that specified total rate.

To arrange the constituents of this code, use the inner code
mistake rate bound 6,,,;s = fac (§*+f+n(E)), and set the inner
code rate target R = Ryot/(1— dpmis). Accordingly, for any
number of sections L, set the codelength n, to be Llog B/R
rounded to an integer, so that the inner code rate Llog B/n
agrees with the target rate to within a factor of 1 £+ 1/n, and
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the total code rate (1—J,,;5) R agrees with Ry,; to within the
same precision.

Theorem 39: Rate and Reliability of the composite code:
As a function of the section size B, let Cg and its lower bound
C(1 — Ap) be the rate envelopes given above, both near the
capacity C for B large. Let a positive R;,; < Cp be given. If
Riot < C(1—Ap), set the error exponent £ by

E(1=Ap—Ry0t/C).

Alternatively, to arrange the somewhat larger exponent, with
n such that A, = (Cp — Ry0t)/C, suppose that A, > s
then set & = &,, that is, & = £((Cp — Riot)/C). To allow
any R, < Cp without further condition, there is a unique
1 > 0 such that A, syper C = Cp/(1—=6%,:s)—Riot/(1—mis),
at which we may set £ = &,. In any of these three cases,
for any number of sections L, the code consisting of a sparse
superposition code and an outer Reed-Solomon code, having
composite rate equal to RR;,;, to within the indicated precision,
has probability of error not more than

I{G_L”g7
which is exponentially small in L., near Lv/(2C), where
k = m(l+snr)/2B¢ + 2m is a polynomial in B with
¢ = snrC, with number of steps m equal to the integer part
of 1+ snr log B.

Proof of Theorem 39 for rate assumption R;,; < C(1—
Ap): Set n > 0 such that A, = 1—Ap — R;,t/C. Then
the rate R, is expressed in the form C(1—Ap—A,). In
view of Lemma ?? and the development preceding it, this rate
C(1-A) =C(1-Ap—A,) is a lower bound on a rate of the
established form (1—8,,i5)C’ /(147 /7%), with parameter values
that permit the decoder to be accumulative up to a point z*
with shortfall §*, providing a fraction of section mistakes not
more than 6,,;s = fac (5*+n+ f), except in an event of the
indicated probability with exponent £, = £(A,;). This fraction
of mistakes is corrected by the outer code. The probability of
error bound from our earlier theorem is

me LrETmC 4 o e LnE,

With m < 1+snrlog B it is not more than the given ke~ 2~¢.

The other part of the Theorem asserts a similar conclusion but
with an improved exponent associated with arranging A, =
(CB — Riot)/C, that is, Ry = Cp(1—A,). We return to
demonstrate that conclusion as a corollary of the next result.

One has the option to state our results in terms of properties
of the inner code. At any section size B, recognize that Apg
above, at the n = 0 limit, splits into a contribution from
8kis = (snr/2C)(f 4+ 0*/(1+4.)) and the rest which is a
bound on the rate drop of the inner superposition code, which
we denote AY, .., in this small 7 limit. The rate envelope for
such superposition codes is

(1—2snr f)C
(1+D(8.)/snr)[(1+8,)2+7/(21og B)]’

evaluated at f , 0a5 0, 7 and ( as specified above, with n = 0,
h =0 and p = 1, again with a number of steps m equal to

C: =

super



the integer part of 1+ snr log B. It has
C: >C(1=A%,er)-

super super

Likewise recall that A, splits into the part n(€)snr/2C
associated with d,,;5 and the rest A, syper €xpressed as a
function of &, for which Egyper(A) is its inverse.

Theorem 40: Rate and Reliability of the Sparse Superpo-
sition Code: For any rate R < C% let £ equal

super?

R)/C).

Then for any number of sections L, the rate R sparse superpo-
sition code with adaptive successive decoder, makes a fraction
of section mistakes less than ¢, +7 (&) snr/2C except in an
event of probability less than ke~ Lr€,

gSUPeT ( super

This conclusion about the sparse superposition code would
also hold for values of the parameters other than those spec-
ified above, producing related tradeoffs between rate and the
reliable fraction of section mistakes. Our particular choices of
these parameters is specific to the tradeoff that produces the
best total rate of the composite code.

Proof of Theorem 40. In view of the preceding analysis,
what remains to establish is that the rate

Cauper (1 = Dy super)
is not more than our rate expression
CA—hs)(1—h")
(1+D(0.)/snr)(1464,p)2 (141, /T2)

where Ay, guper Which is

nsnr(l+ri/2log B)+&,(3+1/C)(1+1/ log B)++/vE/log B

is at least

nsnr(14+ry/72) + (log p)/log B + h*.

with p and h* satisfying the conditions of the Lemma, so that
(once we account for the negligible remainder in 1/L), the
indicated reliability holds with this rate. Here we are writing
da,p = 0a+(log p)/2log B to distinguish the value that occurs
with p > 1 with the value at p = 0 used in the definition
of C:uper Likewise we are writing 7, /72 for the expression
r/72 + nsnr(1+ry/7%) to distinguish the value that occurs
with 7 > 0 with the value of r/7% at = 0 used in the
definition of C;uper Factoring out terms in common, what is
to be verified is that
1- Amsuper

(1404)%(1+r/72)

is not more than
(1-nr")
(1+0a,p)?) (147, /73]

This is seen to be true by cross multiplying, rearranging,
expanding the square in (1+6, + log p/2log B)?, using the
lower bound on A, gper, and comparing term by term for the
parts involving h*, log p and 7. This completes the proof of
Theorem 40.
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Next we prove the rest of Theorem 39, in view of what has
been established. For the general rate condition R;,; < Cp,
for n > 0 the expression

Rtot
— snrn/2C

An,super C 1 5*

mis

is a strictly increasing function of 7 in the interval
[0,(2C/snr)(1—6%,,5)), where the second term in this ex-

mis
pression may be interpreted as the rate R of an inner code,
with total rate R;,:. This function starts at 7 = 0 at the value
Riot/(1—07%,,) which is less than Cp/(1—0},,,) which is
C: So there is an 7 in this interval at which this function

super*
hits C3 e, That is Ay superC + R = C5ype,» OF equivalently,
Apsuper = (Couper — R)/C. So Theorem 40 applies with
exponent Eguper ((Ciyper — R)/C)).

Finally, to obtain the exponent £((Cp—
Cp — Riot/C. Examine the rate

Ri0t)/C)), let A, =

Cp(l- A'n)
which is

( 5:nzs)cjuper(

and determine whether it is not more than the following
composite rate (obtained using the established inner code rate),

( -9, ’I’]STL’I"/QC) super(l - Anxsuzwr)'

mzs
These match to first order. Factoring out C,,.,. and canceling
terms shared in common, the question reduces to whether
—(1-4;,;5) is not more than —(1—A,, super), that is, whether

mis

07.i 1s not more than A, g,per, Or equivalently, whether 6,5
is not more than A,, which is the condition assumed in the
Theorem for this case. This completes the proof of Theorem

39.

— Ay super — nsnr/2C)

XI. LOWER BOUNDS ON ERROR EXPONENT:

The second line of the rate drop can be decomposed as

0>

where
snr logm

mim—lJrlogB

optimized at a number of steps m equal to to an integer part
of 2 + snrlog B. Further,

log (f*m\/Q log B)
log B

Ap. =0f" —
where 1 = snr(3+1/2C). The the optimum value of f* equal
to 1/[¢log B] and

A, ,=n01+(p—1)/logB+ h.

Here ¥; = snr(1+1/2C).
We have A, , is a strictly increasing function of the error
exponent £, where

Ayp=01m(E)+ (p—1)/log B+ h.



Let R;»: < Cp be given. We need to find the error exponent
E* = E((Cg — Riot)/C), where & solves the above equation
with A, , = (Cp — Riot)/C. That is,

Ay, =01m(E) + (p—1)/log B+ h,

where p = p(E/f*).

Now p—1 = (/p — 1)(/p + 1), which is (\/p — 1)* +
2(y/p—1). Correspondingly, using £ > 2f*(,/p—1)?, we get
that £/2f* +\/2E/f* > p— 1. Further, using 1 (£) = \/£/2
and h* = \/v€/log B, one gets that

An,p <€+ CQ\/E,

where
Cc1 = 19/2

’191 14
=|— 219/ log B — .
. {ﬁ TVl By \ log B

Solving the above quadratic in v/E given above, one gets
that

and

—co + /5 + 40, 1
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19 > gsol =

Let us see what &,,; looks like for A,, , near 0. Noticing that
Esor has the shape AE% , for A, , near 0, we want to find the
limit of Esol/Afhp as A, , goes to zero. Using L’ Hospital’s
rule one get that this limiting value is 1/c3. Correspondingly,
using L. is near Lv/2C, one gets that the error exponent is
near

exp {_LA%,p/go} y

for A, , near 0, where & = (2C/v)c3. This quantity behaves
like snr2C for large snr and has the limiting value of (1 +
4/+/log B)? /2 for snr tending to 0.

We now give a simplified expression for Es,;. To simplify
this, lower bound the function —a 4+ Va2 + z, with z > 0
with a function of the form min {«+/x, Bx}. It is seen that

4 2,2
—a + a2+l'ZO[\/.E for xzﬁ
and
1-2
—a+vVa2+zx>Pxr for < 526a.

Clearly, for the above to have any meaning one requires 0 <
a < 1and 0 < 8 < 1/2a. Further, it is seen that

min {ay/z, Bz} = ay/z  for x> (a/B)?
=Bz for z < (a/B)>

Correspondingly, equating (a/3)? with 4a%a?/(1 — a?)?, or
equivalently equating (a/3)? with (1 —23a)/3?, we get that
1 —a? =2ap.

We now return to the problem of lower bounding £,,;. We
take @ = cp and x = 4A,, ,c1. We also take particular choices
of § and « to simplify the analysis. We take 8 = 1/4a, for
which o = 1/+/2. Then the above gives that

£ > (min {a+/4A,, 1, 54An7pcl})2

= 2
4c]
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which simplifies to
Esor > min {An’p/2cl, A?M/Zlc%} .

From Theorem 39, one get that the error probability is
bounded by

f-@e*L"ES‘”,
which from the above, can also be bounded by the more
simplified expression
K exp {—L7T min {Amp/ch’ A%7p/4c§}} .
We want to express this bound in the form,

K exp {fL min {An,p/€17 A?),p/§2}}

for some &1, &. Using the fact that L, is near Lv/2C, one
gets that & is (2C/v)(2c;1), which gives

& = (14 snr)(6C + 1).

We see that & goes to 1 as snr tends to zero. Further & =
(2C/v)4c3. which behaves like 4C snr? for large snr. It has
the limiting value of 2(1 + 4/+/log B)? as snr tends to zero.

Improvement for Rates near Capacity using Bernstein
bounds: The improved error bound associated with correct
detection is given by

02
€Xp 4 — )
{ 2(‘/;5015 + 77/(3[’71')) }
where Vior = V/L, with V < ¢&,, where &, = (4C/v?)(a1 +
az/7%)/7. For small 7, that is for rates near the rate envelope,
the bound behaves like,

2
exp {—L;V} .

Consequently, for such 7 the exponent is,
1 2
£=—L.

dl 201,
Here d; = L, /L. This corresponds to 7 = \/d3v/E, where
ds = 2d,¢,. Here ¢, = (4C/v?)(a1/7) and that d; = v/2C
and 7 > +/2log B, one gets that do < 1.62/v+/logB.
Substituting this upper bound for 7 in the expression for A, ,,
we get that

An,p S 618 + 62\/Ea
with ¢; = 9/2 and

Gy = {\/@191 +v/29/log B + oz B

Consequently using the same reasoning as above one gets
that using the Bernstein bound, for rates close to capacity, the
error exponent is like

exp {*LA%,p/go} )

for A, , near 0, where £ = (2C/v)3. This quantity behaves
like 2dsy snr2C for large snr. Further, 2d, is near 3.24/+/log B
for such snr. Notice now the error exponent is proportional
to Ly/Tog BA? . instead of the LA? , we had before. We see
that for B > 36300, the quantity 3.24/+/log B is less than one
producing a better exponent that before for rates near capacity

and for large snr than before.



XII. OPTIMIZING PARAMETERS FOR RATE AND
EXPONENT FOR NO LEVELING USING THE 1 — xv FACTOR:

From Corollary 20 one gets that

— Tup

AP = ———.
CAP = i)

Simplifying one gets
L4+7r/72 = (1 +74/7%) /(1 — vGAP).
Recall that the rate of our sparse superposition inner code

(1-n")C

(1+46a) (1402 ) (141/72)

Here we use the terms involved in the leveling case, even
though we are considering the no leveling case here. This will
be useful later on when we are generalizing to the case with
the leveling. Further, with the Reed-Solomon outer code of rate
1 — dymis, which corrects the remaining fraction of mistakes,
the total rate of our code is

(1 — dmis)(1=R')C
(1+462,,,)(1+0,)2(1 +7/72)
which using the above is equal to
(1 =6mis)(1—=R)(1 —vGAP)C
(1402 ) (140a)2 (1 + Tup/T2)

is

R:

Rtot =

Rtot =

Lemma 41: Additive representation of rate drop: With a
non-negative value for GAP less than 1/v the rate Ry, is at

least (1 — A)C with A given by
A - S o* Tup D(é.)
(1+5 )2C 72 snr
, 2C
zc (7]+f)+1/GAP+h + 20, + — T

Proof of Lemma 41: Notice that
(1 = 0mis)(1=H")(1 — vGAP)
(1462um) (1460)2 (1 + 1rup/T2)

is at least
(1=1)(1 — VGAP)
(1402,m) (1+64)2(1 + Tup/72)
minus &,,,;5/(1 + 62,,,). As before, the ratio &,,;s /(140>

sum 5um)
subtracted here is equal to

snr (6% +n+f)
2C  (1+6.)
Further the first part of the difference is at least

1—h —vGAP — 62, — 204 — Tup/T>.

sum

Further using 62,,, < D(d.)/snr+2C/Lv one gets the result.
This completes the proof of Lemma 41.

The second line of the rate drop is given by,

o0 (n(z*)+f) + v GAP + 1/ + 26, + T

where
std

n() = (1 - "oy
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and
GAP = nStd +logl/(1 —2*)/(m—1).

Thus vGAP is equal to

std

vn™ +ve(at)/(m —1),

where

c(z™)

Case 1: b’ = h + hy : We now optimize the second line
of the rate drop when h’ = h + hy. We have the following
lemma.

Lemma 42: Optimization of the second line of /A. For
any given positive 7 providing the exponent &, of the error
probability, the values of the parameters m, f* are specified to
optimize their effect on the communication rate. The second
line Agecong Of the total rate drop (C—R)/C bound A is the
sum of three terms

— log[L/(1 - 2")].

Ay + Af* + An(m*)a

plus the negligible A, = 2C/(Lv)+ (m—1)C/(Llog B) + €.

Here
c(x*) logm

log B

is optimized at a number of steps m equal to an integer part
of 2+ ve(x*)log B at which A, is not more than

1 log(2 + ve(x*)log B)
log B log B
Likewise Ay. is given by
log ( \V2m/2log B )
log B

where 9 = snr(2 +1/2C). The above is optimized at the false
alarm level f* =1/[dlog B] at which

1 N log (ﬁ\/logB/\/Zlﬂ)
log B log B

is given by

Ay =v

If —

Aj =
The A.,](l

Ay = 0" v+ (1 —2*v)snr/2C] + (p—1)/log B+ h

which is bounded by,
"9y + (p—1)/log B+ h

where 19, = V+snr/2C.

Remark : Since 1 — z* = r/(snr 72) and that 7 > r,,, one
has that 1 — z* > rup /snrr2. Correspondingly, c(z*) is at
most log(snr) + log(72/r.;). The optimum number of steps
can be bounded accordingly.

Proof: Club all terms involving the number of steps m to
get the expression for A,,. It is then seen that optimization of
A, give the expression as in the proof statement.

Next, write

log [m/(F* V27208 B)|
log B

Further write f as (p—1) f* + f* in terms involving f. For
example hy = 2snrf is written as the sum of 2snr(p — 1) f*

204 =




plus 2snrf*. Now club all terms involving only f* (that is

not (p —1)f*) into Ay.. We get Az to equal

9 log (f*\/QW\/ZlogB)
- log B ’

optimized at f* = 1/[¢log B], which determines a value of
0, for the rate drop envelope independent of 7.

The remaining terms are absorbed to give the expression
for A,,. Thus we get A, is equal to

0w 4(1 — z*v)snr/2C] + (p—1)/log B + h*.

The bound on A, ;) follows from using 1 —z*v < 1.

Error exponent: We prefer to use Bernstein bounds for the
error bounds associated with correct detection. Recall that that
for rates near the rate envelope, that for n(x*) close to 0, the
exponent is near

g: i(nstd)Q
di 26,
As before, this corresponds to 775“1 = \/dg\ffj, where dy =

2d, &,. Substituting this upper bound for 1°*? in the expression

for An(m*), we get that
A, <EHE+EBVE,
with ¢; = 9/2 and

62 = |:\/ d2’t91 + 219/ IOgB + 10gB

Consequently using the same reasoning as above one gets
that using the Bernstein bound, for rates close to capacity, the
error exponent is like

exp {*LA%,p/go} ;

for A, , near 0, where £ = (2C/v)&. For small snr, this
quantity is near (v/ds + /2/log B)?. This quantity behaves
like dasnr?/2C for large snr. For large snr this is the same
as what we got in the previous section.

Case 2:1— 1 = (1—h)™1/(1+h)™ L It is easy to
that this implies that A’ < 2mh. We give the corresponding
Lemma for optimization of rate drop for such h’.

Lemma 43: Optimization of the second line of A. For
any given positive 1 providing the exponent &, of the error
probability, the values of the parameters m, f* are specified to
optimize their effect on the communication rate. The second
line Ageeona Of the total rate drop (C—R)/C bound A is the
sum of three terms

Ay + Af* + An(w*)v

plus the negligible A, = 2C/(Lv)+ (m—1)C/(Llog B) + €.

Here
c(x*) logm

m—1 log B
is optimized at a number of steps m* equal to an integer part
of 2+ ve(z*)log B at which A, is not more than
1 log(2 + ve(z*)log B)
log B log B

A, =V
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Likewise Ay. is given by

log (f*\/%\/ﬂogB)

A
/ log B ’

where ¥ = snr/2C. The above is optimized at the false alarm
level f* =1/[¢log B] at which

Al = 1 N log(ﬁ\/logB/\/@r)
7 logB log B '

The A, ,+) is given by
Ay = 0 [+l —2*v)snr/2C) + (p—1)/log B+2m*h
which is bounded by,

9, + (p—1)/log B +2m*h

where ¥ = v+snr/2C.

Error exponent: Exactly similar to before, we use Bern-
stein bounds for the correct detection error probabilities to get
that,

A, <EHE+ EBVE,

with ¢ = 9/2 and

62 = |:\/d2191 + \/Qﬁ/logB+2m*1 / @ .

Notice that since m* = 2 + v¢(z*) log B, one has that

29 v
o = |/ \/ 4,/ 2c(z*)*?\/log B| .
Ca l do9 + oz B + log B + 2¢(x)v og

As before the error exponent is like
€xXp {—LATQ,,,;/&} )

for A, , near 0, where & = (2C/v)é3.

Comparison of envelope and exponent for the two
methods with and without factoring 1 — zv term : We
first concentrate on the envelope, which is given by

1 N m* 1 log (9v/1og B/V/4r)
logB logB logB log B '

For the first method, without factoring out the 1 — zv term,
¥ = snr(3+1/2C) whereas for the second method (Case 2) it
is snr/2C. The optimum number of steps m* is 2+ snr log B
for the first method and is 2 + ve(z*)log B. Here c(z*) is
log(snr) plus a term of order log log B. Correspondingly, the
envelope is smaller for the second method.

Next we see that the quantity c, is determines the error
exponent. The smaller the ¢y, the better the exponent. For the
first method it is

’191 14
{\/Q—’_ 219/10gB+1/10gB .

where 7 = snr(1 4+ 1/2C). Further ¢ is as given in the
previous paragraph. For the second method it is given by

’191 1%
— 29/log B +2m*, | ——
[ﬁ+\/ /log +m~/logB :




where U1 = v+snr/2C. It is seen that for larger snr the latter
is less producing a better exponent. To see this, notice that as
a function of snr, the first term in ¢, ie. 91/ V/2, behaves
like snr for the first case (without factorization of 1 — zv)
and is like snr/2C for the second case. The second term in
¢o is like /snr for the first case and like +/snr/2C for the
second. The third is near y/1/log B for the former case and
behaves like log(snr) in the latter case. Consequently, it is the
first term in co which determines it behavior for larger snr for
both cases. Since 1¥; is smaller in the second case, we infer
that the second method is better for larger snr.

XIII. COMPOSITION WITH AN OUTER CODE

We use Reed-Solomon (RS) codes ([59], [50]) to correct
any remaining mistakes from our adaptive successive decoder.
The symbols for the RS code can be associated with that
of a Galois field, say consisting of ¢ elements and denoted
by GF(q). Here q is typically taken to be of the form of
a power of two, say 2™. Let Ky, noye be the message and
blocklength respectively for the RS code. Further, if drg be the
minimum distance between the codewords, then an RS code
with symbols in GF'(2™) can have the following parameters:

__om
Nout = 2

Nout — Kout = dRS -1

Here nyyu: — Koyt gives the number of parity check symbols
added to the message to form the codeword. In what follows
we find it convenient to take B to be equal to 2" so that one
can view each symbol in GF'(2™) as giving a number between
1 and B.

We now demonstrate how the RS code can be used as an
outer code in conjunction with our inner superposition code,
to achieve low block error probability. For simplicity assume
that B is a power of 2. First consider the case when L equals
B. Taking m = log, B, we have that since L is equal to
B, the RS codelength becomes L. Thus, one can view each
symbol as representing an index specifying the selected term
in each of the L sections. The number of input symbols is then
Koyt = L—drs+1, so setting § = drs/L, one sees that the
outer rate Royt = Kout/Mout> €quals 1 —§ + 1/L which is at
least 1 — 4.

For code composition K,,; log, B message bits become the
K, input symbols to the outer code. The symbols of the outer
codeword, having length L, gives the labels of terms sent from
each section using our inner superposition with codelength
n = Llogy B/Rinner- From the received Y the estimated
labels j’i,jg, .. .j’L using our adaptive successive decoder can
be again thought of as output symbols for our RS codes. If be
denotes the section mistake rate, it follows from the distance
property of the outer code that if 26, < 4 then these errors can
be corrected. The overall rate R, is seen to be equal to the
product of rates Ryy; Rinner Which is at least (1 — 6) Rinner-
Since we arrange for Se to be smaller than some §,,;s with
exponentially small probability, it follows from the above that
composition with an outer code allows us to communicate with
the same reliability, albeit with a slightly smaller rate given
by (1 - 26mis)Rinner-
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The case when L < B can be dealt with by observing
([50], Page 240) that an (g, Kout) RS code as above, can
be shortened by length w, where 0 < w < K¢, to form an
(nout — W, Koyt — w) code with the same minimum distance
drs as before. This is seen by viewing each codeword as
being created by appending 7.+ — K¢ parity check symbols
to the end of the corresponding message string. Then the code
formed by considering the set of codewords with the w leading
symbols identical to zero has precisely the properties stated
above.

With B equal to 2™ as before, we have n,,; equals B
so taking w to be B — L we get an (n ,, K! ) code, with
Ny = L, K, = L — dgs + 1 and minimum distance drs.
Now since the codelength is L and the symbols of this code
are in GF(B) the code composition can be carried out as
before.

APPENDIX I
DISTRIBUTION OF Zj, ;

Consider the general k > 2 case. Focus on the sequence of
coefficients

ZlJ’ ZQJ', e 7Zk,—1,ja Vk,k,ja Vk+1,k¢,j7 ey Vn,k’,j
used to represent X; for j in Ji_; in the basis
G G Gr-1
Eees Skt1,k5 - - - En e
TSRS

where the §;, for ¢ from k£ to n are orthonormal vectors
in R™, orthogonal to the G1,Gs,...,Gg_1. These are as-
sociated with the previously described representation X; =

Z;ll Zi i G /||Grr || + Vi,;, except that here Vj, ; is rep-
resented as >, Vi g i &k

Let’s prove that conditional on Fj_;, the distribution of
the V; . ; is independent across ¢ from k to n, and for each
such ¢ the joint distribution of (V; ; : j € Jy—1) is Normal
Ny, ,(0,25_1). The proof is by induction in k. Along the
way the conditional distribution properties of Gy, Z ;, and
Zy,,; are obtained as consequences. As for wj; and ¢ the
induction steps provide recursions which permit verification
of the stated forms.

The V; 1; = X, ; are independent standard normals.

To analyze the k=2 case, use the vectors U; ; = U; that
arise in the first step properties in the proof of Lemma 1. There
we saw for unit vectors «, that the U jT a for j € J; have a joint
Ny, (0,%,) distribution, independent of Y. When represented
using the orthonormal basis Y/||Y||, 2,2, . .. ,&n,2. the vector
U; has coefficients Z; = U]'Y/||Y||, and U] &, through
Ul'én,2. Accordingly X; = by ;Y/o 4 Uj has representation
in this basis with the same coefficients, except in the direction
Y/||Y|| where Z; is replaced by Z; = by ;||Y||/o + Z,. The
joint distribution of (V; o, = U';-qu',g : j € Jp) is Normal
Ny, (0,%4), independently for ¢ = 2 to n, and independent of
IY| and (Z; : j € J1).

Proceed inductively for k£ > 2, presuming the stated condi-
tional distribution property of the V; ;. ; to be true at k, conduct
analysis to demonstrate its validity at k+1.

From the representation of V; ; in the basis given above,
the Gy has representation in the same basis as G, =



> icdeck 1 \/P; Vi,j for i from k to n. The coordinates
less than k are 0, since the V} ; and G}, are orthogonal to
G1,...,Gg—1. The value of Z; ; is VkT)ij /|G|l where the
inner product (and norm) may be computed in the above basis
from sums of products of coefficients for ¢ from k to n.

For the conditional distribution of G}, given Fj_,, inde-
pendence across %, conditional normality and conditional mean
0 are properties inherited from the corresponding properties
of the V; 1 ;. To obtain the conditional variance of G, =
2 jedees, \/P; Vi k.;» use the conditional covariance Xj,_; =
Ifék_ld,al of Vi for j in Jy_;. The identity part con-
tributes Zjedeck,l P; which is (gr—1 +fk_1)P; whereas, the
5k_15,{71 part, using the presumed form of J;_1, contributes
an amount seen to equal vk_1[d . c onindec, . P;/P)? P
which is Vk_1Q%71P. It follows that the conditional expected
square for the coefficients of G is

op = [dr-1 + fro1 — @3y vk—1] P.

Moreover, conditional on F_1, the distribution of ||G||? =
>oip G7 . is that of o7 X7, |, a multiple of a Chi-square
with n—k + 1 degrees of freedom.

Next represent Vi, ; = by j Gi /o, + Uk ; using a value of
by ; that follows an update rule that we specify (depending on
Fr—1). It is represented using V; . ; = bk j Gix/0k + Uik,
for 7 from k to n, using the basis built from the &; .

The coefficient by ; is the value E[V;x ;G x| Fr—1]/0%.
Consider the product V;j ;G; in the numerator. Use
the representation of G, as a sum of the \/.FT/ Vik,j'
for 7/ € decg—i. Accordingly, the numerator is
iredeer VPt [Ljr=j — Ok—1,0k—1,], which simplifies
to \/f)] [1j€deck,1 Vk:—lqu—llj sent]‘ So for .7 in
Jx = Jp—1 — deci_1, we have the simplification

_ Gr—1vk—155
)

br; =
k,j o%
for which the product for j, ;' in J, takes the form

Grk—1Vk—1

L+ froo1/Ge-1 — Grorvb—1

br,jbk,jr = Ok—1,j0k—1,5

Here the ratio simplifies to ¢¢Y v 1 /(1 — 2%, 14 _1).

Now determine the features of the joint normal distribution
of the U, jj = Vig,j — bi,j Gix/og for j € Jy, given Fj_1.
These random variables are conditionally uncorrelated and
hence conditionally independent given JFj_; across choices
of ¢, but there is covariance across choices of j for fixed
i. This conditional covariance E[U; ;U i j/|Fr—1] by the
choice of by, ; reduces to E[V; x ;V; k.i/|Z] — bk, jbk j» Which,
for j € Jg, is lj:j/ — 5k—1,j5k'—1,j’ — bk-J'bk,j/. That is,
for each 4, the (U, ; : j € Ji) have the joint Ny, (0,%)
distribution, conditional on Fj_;, where X again takes the

form 1; ;o — 0y, 0k, j» Where
~adj
qr—1 V-1
?

1_ ~adj

Ok,jOk,j» = Ok—1,j0k—1,5' {1 +
Qi _1Vk—1

for j, j' now restricted to J;. The quantity in braces simplifies
to 1/(1 — ch’ile/k,l). Correspondingly, the recursive update
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rule for vy is
vV = L
1 - dzdjl V-1

Consequently, the joint distribution for (Z; : j € Ji)
is determined, conditional on Fj_q. It is also the normal
N(0,%y) distribution and (Zy; : j € Ji) is conditionally
independent of the coefficients of Gy, given Fy_q. After all,
the 7, ; = U,zijk /|G| have this Ny, (0,3}) distribution,
conditional on GG, and Fj_1, but since this distribution does
not depend on G} we have the stated conditional indepen-
dence.

Now Zy.; = X[ Gy /|G| reduces to V,',Gy /|Gyl by
the orthogonality of the G; through G_; components of X
with Gy. So using the representation Vi, ; = by, j Gi/ok+Uy
one obtains

Zkj = bij|Gell/ok + Zi ;-

This makes the conditional distribution of the Zj ;, given
Fr—1, close to but not exactly normally distributed, rather
it is a location mixture of normals with distribution of the
shift of location determined by the Chi-square distribution of
X2, 1 = |IGkl|?/o}. Using the form of by ;, for j in J, the
location shift by, j X, _x+1 may be written

—V uA)k Cj,R,B [Xn—k—&-l/\/ﬁ] 1j sent

where 1y, equals n b}, ;/Cj,r, . The numerator and denomina-
tor has dependence on j through P;, so canceling the P; pro-
duces a value for 1. Indeed, Cj r g = (P;/P)v(L/R)log B
equals n(P;/P)v and b} ; = 260 V2 /=67 v 1] So
this Wy may be expressed as

~adj
qr—1 Vk-1

~adj ’
v 1- G _1Vk—1

Vg1

Wy, =

which, using the update rule for v;_1, is seen to equal

Dy = Vg—1 — Vk.
v

Armed with Gy, update the orthonormal basis of R”™
used to represent X;, Vi ; and Uj ;. From the previous
step this basis was G1/||G1]|,...,Gr-1/||Gr-1] along with
Ekke> Ek+1,k» - - - »En,k, where only the later are needed for
the Vi ; and Uy ; as their coefficients in the directions
G1,...Gy_q are 0.

Now Gram-Schmidt makes an updated orthonormal basis of
R™, retaining the G1/||G1]|, ..., Gr—1/||Gk-1]|, but replacing
Shks Skt &k With GL/|IGrlls Segt kst Enkrt
By the Gram-Schmidt construction process, these vectors
& k+1 for ¢ from k+1 to n are determined from the original
basis vectors (columns of the identity) along with the com-
puted random vectors GG1, ..., Gy and do not depend on any
other random variables in this development.

The coefficients of Uy, in this updated basis are
UL Gr/IGrlls U j€k41k415 -+ U j€n k1, Which are de-
noted Uy k11, = Zi; and Upq1 g1, -5 Ugt1,n,j, TESPEC-
tively. Recalling the normal conditional distribution of the
Uk,;, these coefficients (U; k41, : k < @ < n,j € Ji)
are also normally distributed, conditional on Fj_; and Gy,



independent across ¢ from k to n (this independence being a
consequence of their uncorrelatedness, due to the orthogonality
of the & x+1 and the independence of the coefficients U j ;
across ¢ in the original basis); moreover, as we have seen
already for ¢ = k, for each ¢ from & to n, the (U; k41,5 :j €
Ji) inherit a joint normal N(0,X) conditional distribution
from the conditional distribution that the (U, : j € Ji)
have. After all, these coefficients have this conditional dis-
tribution, conditioning on the basis vectors and Fjy_;, and
this conditional distribution is the same for all such basis
vectors. So, in fact, these (U p11; : k < i < n,j € Jy)
are conditionally independent of the G given Fj_1.

Specializing the conditional distribution conclusion, by sep-
arating off the 7 = k case where the coefficients are Zj ;,
one has that the (U; 41, : k+1 < i < n,j € Jg) have
the specified conditional distribution and are conditionally
independent of G, and (Zy, ; : j € Ji) given Fy_1. It follows
that the conditional distribution of (U; gy1; : k+1 < 4 <
n, j € Jy) given Fi, = (Fi—1, |Gkll, Zx) is identified. It is
normal N (0, X) for each 4, independently across 4 from k+1
to n, conditionally given Fj,.

Likewise, the vector V4, ; = by j Gi/ok + Uy, ; has repre-
sentation in this updated basis with coefficient Zj ; in place
of Zy ; and with V; 341 5 = Uj g41,; for 7 from k+1 to n. So
these coefficients (V; p41,; : k+1 < i <n, j € Jy) have the
normal N (0, ¥y) distribution for each 4, independently across
17 from k+1 to n, conditionally given Fy.

Thus the induction is established, verifying this conditional
distribution property holds for all £ = 1,2,...,n. Con-
sequently, the Zj and |G|l have the claimed conditional
distributions. }

Finally, repeatedly apply vy /vg—1 =1/ (1—qAZ,d | Vk—1), for
k' from k to 2, each time substituting the required expression
on the right and simplifying to obtain

~adj ~adj
ve 1= (@Y+. 4%

~adj odi | sad N

L= (1Y + .+ G2+ Y v

Vi1

This yields v, = v§,, which, when plugged into the expres-
sions for wy, establishes the claims. The proof of Lemma 2
is complete.

APPENDIX I1
THE METHOD OF NEARBY MEASURES

Recall that the Reényi relative entropy of order a > 1 (also
known as the a divergence) of two probability measures P and
Q with density functions p(Z) and ¢(Z) for a random vector
Z is given by

1
a—1

Do (P|Q) = log Eq|(p(2)/9(2))°]-

Its limit for large o is Do (P||Q) = log ||p/¢llco-

Lemma 44: Let P and QQ be a pair of probability measures
with finite D, (P||Q). For any event A, and o > 1,

P[A] < [Q[A]eDa(lP’HQ)](afl)/a'
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If D, (P||Q) < ¢ for all e, then the following bound holds,
taking the limit of large «,

P[A] < Q[A]e®.

In this case the density ratio p(Z)/q(Z) is uniformly bounded
by eco.

Proof of Lemma 44: For convex f, as in Csiszar’s f-
divergence inequality, from Jensen’s inequality applied to the
decomposition of Eq[f(p(Z)/q(Z))] using the distributions
conditional on A and its complement,

QA f(PA/QA) + QA® f(PA®/QA?) < Eqf(p(2)/4(2)).
Using in particular f(r) = r¢
negative A¢ part, yields

(PA)* < (QA)*'Eql(p(2)/a(£))"].

It is also seen as Holder’s inequality applied to [ ¢(p/q)1a.
Taking the o root produces the stated inequality.

and throwing out the non-

Lemma 45: Let Pz be the joint normal N (0,X) distribu-
tion, with ¥ = I — bbT where ||b]|> = v < 1. Likewise, let
Qz be the distribution that makes the Z; independent standard
normal. Then the Reényi divergence is bounded. Indeed, for all
1 <a< o,

Dy (P£||Qz) < co.

where ¢g = —(1/2)log[l — v]. With v = P/(0? + P), this
constant is co=(1/2) log[1+P/o?].

Proof of Lemma 45: Direct evaluation of the « divergence
between N(0,X) and N(0, ) reveals the value

1
D, = —§log\2| - log |l — (a—1)%|

1
2(a—1)
Expressing ¥ = I — A, it simplifies to

1 1

s losll = Al = 50

The matrix A is equal to bb”, with b as previously specified
with [|b]|?> = v. The two matrices I — A and I + (a—1)A
each take the form I + ybb”, with y equal to —1 and (a—1)
respectively.

The form I + vbbT is readily seen to have one eigenvalue
of 1 + v corresponding to an eigenvector b/||b|| and L—1
eigenvalues equal to 1 corresponding to eigenvectors orthog-
onal to the vector b. The log determinant is the sum of the
logs of the eigenvalues, and so, in the present context, the log
determinants arise exclusively from the one eigenvalue not
equal to 1. This provides evaluation of D, to be

log |l + (a—1)A]|

1 loel1 1

3 loell =7l = 57,
where an upper bound is obtained by tossing the second term
which is negative.

We see that maxyz p(Z)/q(Z) is finite and equals [1/(1 —
v)]Y/2. Indeed, from the densities N (0, 7—bb") and N(0,1)
this claim can be established, noting after orthogonal transfor-
mation that these measures are only different in one variable,

log[1 + (a—1)v],



which is either N (0, 1—v) or N(0, 1), for which the maximum
ratio of the densities occurs at the origin and is simply the
ratio of the normalizing constants. This completes the proof
of Lemma 45.

With v=P/(0?+ P) this limit —(1/2) log[1—v] which we
have denoted as ¢y is the same as (1/2)log[1 + P/o?]. That
it is the same as the capacity C appears to be coincidental, as
we do not have any direct communication rate interpretation
of the operation of taking the log of the L., norm of the ratio
of the densities that arise here.

Proof of Lemma 3: We are to show that for events A
determined by Fj, the probability P[A] is not more than
Q[A]eko. Write the probability as an iterated expectation
conditioning on Fj_;. That is, P[A] = E[P[A|Fk_1]]. To
determine membership in A, conditional on Fj_1, we only
need Zy 5, = (Zy; 1 j € Ji) where Jy is determined by
Fr—1. Thus

P[A] = Ep [PX?7k+1,Zk,Jk|-7'—k71 [A]} )

n

where we use the subscript on the outer expectation to
denote that it is with respect to P and the subscripts on
the inner conditional probability to indicate the relevant vari-
ables. For this inner probability switch to the nearby measure
Qx, 411,27k, 4, |7, - These conditional measures agree con-
cerning the distribution of the independent X2_, .., so the
« relative entropy between them arises only from the normal
distributions of the Zj, j, given Fj._;. This « relative entropy
is bounded by cy.

To see this, recall that from Lemma 2 that Pz, , |7, , is
JV'],C (0, Ek) with X =1 — (5]45}{ Now

> pyp

jEsentNJy,

16k * = v&

which is (1 — (¢1 + ... + @x—1))vk. Noting that v, = §pv
and $(1 — (g1 + ... + gx—1)) is at most 1, we get that
|[0k]|* < v. Thus from Lemma 45, for all @ > 1, the «
relative entropy between PZk,Jk\ F._, and the corresponding
@Q conditional distribution is at most c¢g.

So with the switch of conditional distribution we obtain a
bound with a multiplicative factor of e“. The bound on the
inner expectation is then a function of Fj,_1, so the conclusion
follows by induction. This completes the proof of Lemma 3.

APPENDIX III
PROOF OF LEMMAS ON THE PROGRESS OF ¢ 1,

Proof of Lemma 6: Consider any step k with q; p—1 —
fik—1 < x*. We have that z = q;d,g_l is at least T =
g1.k—1 — f1,k—1, where these are initialized to be 0 when
k = 1. Consider q1 = gr(z) — nm which is at least
gr.(Z) — nx, since the function gy, is increasing. By the gap
property, it is at least & + gap(Z)—ny, which in turn is at least
q1.5-1 — f(z) + gap(x)—n(z), which is at least g1 1 + gap'.

The increase g1, —q1 x—1 18 at least gap’ each such step, so
the number of of such steps m —1 is not more than 1/gap’. At
the final step m, the £ = g1 j—1 — f1,m—1 €Xceeds ¥ s0 q1,m
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is at least gz (z*) — 1, which is 1 —&* — 7,,,. This completes
the proof of Lemma 6.

Proof of Lemma 5: With a constant gap bound, the claim
when fi; < f follows from the above, specializing f and 7
to be constant. As for the claim when f; , = kf, it is actually
covered by the case that f; ; < f , in view of the choice that
f < f/m*. This completes the proof of Lemma 5.

APPENDIX IV
ACCUMULATIVE g IN THE LARGE CODE LIMIT

Our primary work concerns finite L and B regimes. Never-
theless, in providing intuition concerning the power allocation
and the behavior of the update function, it is sensible to briefly
discuss the matter via a limiting arguments for large B. The
power allocation should be proportional to e~2¢¢/L for the
limit of the update function to be accumulative at rates up to
capacity.

The fixed L and large B extreme: One justification of such
power allocation aries from the setting in which the decoding
can be done successively without any adaptation. This comes
from consideration of fixed L and exponentially large B =
2"R/L_With nR/L very large, practicality would be lost, but
in theory it would permit reliable decoding one section at a
time, by what is called rate-splitting and successive-decoding,
as previously cited. With total sum rate R arranged to be
near the capacity C = (1/2)log(1 + P/o?), the choice of
the power allocations proportional to e ~2//Z simply arise as
the choice that makes the incremental decoding capacities be
C/L, commensurate with the choice of sections of equal size
near 2"¢/ L.

To express what is meant by an incremental decoding
capacity Cy for the decoding of section ¢, for any power allo-
cation, the power of the as yet undecoded sections Py 1, =
Pyy1y + ... + Py adds to the noise variance, to express
Ce = (1/2)log(1 + Py /(6% + Pry1,1)). These incremental
capacities sum to the total capacity (1/2)log(1+P/c?), after-
all, the incremental capacities are seen to be the difference of
the values of (1/2)log(o? + P, 1) at £ and £+ 1, so they sum
to the difference of (1/2)log(c? + P) and (1/2)log(c?).

The power allocation proportional to the mild exponential
decay, e =2/ is indeed the unique choice that makes these
incremental capacities be equal across the sections.

Now since ) ,C;, = C for any power allocation with
the specified total power, it follows that min,C, < C/L,
with strict inequality if the power allocation differs from the
specified choice. Using the constant rate split R/ L, reliability
of successive decoding of the sections would require it to be
not more than the minimum of the C,. So with successive
decoding and a constant rate split, to permit R up to C requires
that the power allocation be as specified.

It is instructive to deduce the update function for this
case. In this extreme, the number of steps would be L
and there would be a linear increase of 1/L in the (un-
weighted) fraction decoded each step. As for the weighted
fraction, with 7y = e 2(=D/L(1 — ¢=2¢/L) /(1 — e72C),
the 7 size of the previously decoded set {1,2,...,¢ — 1}
is x = (1 — e 2¢U=1D/L) /(1 — ¢=2€) which is increased to



gr(xz) = x 4 m(y). The expression for 2 may be reexpressed
as 1/v— (g /(1 — e 2¢/E), so this m(;) may be expressed as
(1/v —x)(1 — e~2¢/L). Consequently, in this extreme case of
exponentially large B one has

gr(@) =z + (1 —azv)(1—e 2L /0,

It has positive gap gr(z) — = near (1 — xv)2C/(vL). This
expression shows how close the update function gy () is to
z for the capacity achieving update function in the large B
limit, and the power allocation that achieves it is identified.

In contrast to this fixed L, exponentially large B setting,
with one section decoded each step, the adaptive decoder is
built for large L, arranged to be within a log-factor of n,
allowing more moderate section sizes B, to achieve a feasible
size dictionary. Doing so entails less separation between the
distribution of statistics for term selection, necessitating the
adaptive selection, while retaining exponentially small error
probability (now in L rather than in n). With the number of
steps m of order log B which remains much smaller than L,
the update function gz, (z) is seen to take a similar form, but
with a gap of order 1/m rather than 1/L.

Integral characterization: As we have seen for specific
power allocations, an integral approximation to gr(z) may
be used. This may be used for a calculus examination of
conditions for accumulation in the large code limit. Consider
power allocations sorted to be decreasing in ¢/ L. In particular,
suppose the power allocation weights 7y = Py)/P are ex-
pressible as proportional to a decreasing differentiable function
u(t) for ¢ in [0,1], evaluated at ¢t = ¢/L. That is

7T(/) = (l/L)u(t)/UL

where the normalization constant U L = (1 /L) Zz Lu(¢/L)
is approximated by the integral U (1 fo
Ignoring the effects of the small a and small h the gr.(x)

becomes
Zm o ( \| ——— Lmev/2R 1)7’)
1—av

where, with ¢ = ¢/L, the normal probabilities in this sum

become
o <( u(t)v/RRU(L)] _ 1)T> |

1 —av

The sum is approximated by the corresponding integral of
these with respect to the density w(t)/U(1) on [0,1] of
the power allocation measure 7r W1th cumulative distribution
U(t)/U(1) where U(t fo

Some analysis for large T proceeds as follows. These
probabilities at ¢ approaches 1 or 0, respectively, according to
whether u(t)v/[2RU(1)] is greater than or less than 1 — zv,
which means that it is 1 for ¢ less than a value ¢, at which

u(ty)v/[2RU(1)] =1 — av.

This large 7 limit is thus called the saturated case, in which
the detection probabilities are 1 or 0, with the cut-off between
1 and O occurring at the point ¢,.

This ¢, is increasing in  in an interval [0, z1] contained in
[0,1], where x; is the point where ¢, = 1. To get started with
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to non-negative, it is required that «(0)v/[2U(1)] be at least
R. To end with the value ¢, = 1 at 7 < 1, it is required that
u(1l)v/[(1—v)2U(1)] be at least R.

In accordance with this 1 and O characterization of the
probabilities in the large 7 and L limit, the gy (x) approaches
the m measure of the interval up to t¢,, that is, the update
function becomes

9(z) = U(t.)/U(1)

on [0, z1].

It is only in this section of the appendix that we use g(z) to
denote this large 7 and large L limit. In the rest of the paper
g(x) denotes the integral approximation in which explicit
dependence on T is retained.

From the equations characterizing t,, and g(z) here, their
derivatives with respect to x satisfy t/.u'(t,) = —2RU(1) and
g () = thu(ty)/U(1), so that u'(t,)/u(ty) = —2R/g¢'(x)
where ¢/, = dt,/dz.

In particular, for the asymptotic update function g(x) to
track x requires that ¢’(x) = 1 and consequently v’(t)/u(t) =
—2R, which means that u(t) is proportional to e~2%. With
R approaching C this gives additional motivation for the
choice of variable power assignment with u(t) = e~2¢*. It
has U(1) = (1 — e=2¢)/(2C) equal to v/(2C), with which
u(0)v/[2U(1)] = C is indeed at least R.

An interesting aspect of this saturated setting is a rejuve-
nation property analogous to that already seen in the above
discussion in the finite L case. Namely, for any 0 <a < 1, once
the 7 measure of the set decoded hits = a corresponding to
a portion decoded of ¢,, what remains is an analogous problem
decoding a portion 1 — ¢, with the remaining portion of the
power (1—a)P.

To attempt to make g(x) track a higher trajectory equal
to (R/~)x for an initial interval of values of x, for some
positive v < R, we could set u'(t)/u(t) = —2v as satisfied
by the power assignment with wu(¢) proportional to e~27t,
Denote C, = v(1—e %)/(1—e~27) which is the value of
u(0)v/[2U(1)] in this setting. It is between -y and C. The
initialization requirement that u(0)r/[2U(1)] be at least R
becomes the limitation R < C,. So such v < C keeps the
rate less than capacity.

It is noted if  is near C reasonable rates can be achieved
by straddling R between ~y and C,.

Presumably, as holds true in the finite L setting, in this
limiting L setting, u(t) proportional to e~2¢* is the unique
choice of power allocation density for which the g(zx) is
accumulative for rates up to C. We shall not demonstrate
that here, but do take note that if the differentiable function
g(x) > x does not match x throughout [0,1], then there is
a first o > 0 at which ¢’(z¢) > 1, from which there is a
small interval of values of x starting at xy and corresponding
small interval of values of ¢ within which by Taylor expansion
u(t) is near u(ty,)e=?"" with a v < C and g(z) is strictly
greater than x. Using the rejuvenation property it should then
be possible to split the analysis into intervals in which the use
of such power allocation restricts the achievable rate to less
than capacity.



For our finite L and B demonstration of the accumulative
property of the proposed power allocations, the analysis is sim-
ilar. However, instead of a sharp transition from 1 to 0 for the
detection probabilities, there is quantified by ®(u;(z) —7) a
more gradual transition extending over a significant portion of
the sections. This gradual detection quantification provids the
overlap associated with building up the decoding adaptively.

APPENDIX V
THE GAP HAS NOT MORE THAN ONE OSCILLATION

Proof of Lemma 21: In the same manner as the derivative
result for gpum(2), the giow () has derivative with respect to
x given by the following function, evaluated at z = z,,

{T?C (1+§>3¢(z) + /Oo (1+t/T)2¢(t)dt} g

z

Subtracting 1+ D(d.)/snr from it gives the function der(z),
which at z = z, is the derivative with respect to « of G(z,) =
Jiow(x) — x — xD(d.)/snr. The mapping from z to z, is
strictly increasing, so the sign of der(z) provides the direction
of movement of either G(z) or of G(z,).

Consider the behavior of der(z) for z > —7 which includes
[20, 21]. At z = —7 the first term vanishes and the integral is
not more than 1+ 1/ 72, so under the stated condition on R,
the der(z) starts out negative at z = —7. Likewise note that
der(z) is ultimately negative for large z since it approaches
—(14+D(d.)/snr). Let’s see whether der(z) goes up anywhere
to the right of —7. Taking its derivative with respect to z, we
obtain

der'(z) =

[~ T8 (1427 200 + 22 (142/7)0(2)
R

— (1+2/7)°0()} 7.

The interpretation of der’(z) is that since der(z,) is the first
derivative of G(z,), it follows that z der’(z,) is the second
derivative, where z,, as determined in the proof of Corollary
13 is strictly positive for z > —7. Thus the sign of the second
derivative of the lower bound on the gap is determined by the
sign of der’(z).

Factoring out the positive (1+2/7)?¢(z)R/C’ for z > —,
the sign of der’(z) is determined by the quadratic expression

—(TA/2)(1+2/7)z 4+ 3A./2 — 1,

which has value 3A.;/2 — 1 at z = —7 and at z = 0. The
discriminant of whether there are any roots to this quadratic
yielding der’(z) = 0 is given by (7A.)?/4—2A.(1—-3A./2).
Its positivity is determined by whether 72A./4 > 2 — 3A,,
that is, whether A, > 2/(72/4 + 3). If A, < 2/(7%/4 + 3)
which is less than 2/3, then der’(z), which in that case starts
out negative at z = —7, never hits 0, so it stays negative for
z > —7, so der(z) never goes up to the right of —7 and G(z)
remains a decreasing function. In that decreasing case we may
take zg = Zmaz = —T.

If A, > 2/(r?/4 + 3), then by the quadratic formula
there is an interval of values of z between the pair of points
—7/2 & \/72/4 — (2/A.)(1 — 3A/2) within which der’(z)
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is positive, and within the associated interval of values of x
the G(z,) is convex in x. Outside of that interval we have
concavity of G(z;). So then either der(z) remains negative,
so that G(z) is decreasing for z > —7, or there is a root
Zerit > —T where der(z) first hits 0 and der’(z) > 0, i.e.
that root, if there is one, is in this interval. Suppose there is
such a root. Then from the behavior of der’(z) as a positive
multiple of a quadratic with two zero crossings, the function
G(z) experiences an oscillation.

Indeed, until that point z..;, the der(z) is negative so G(z)
is decreasing. After that root, the der(z) is increasing between
Zerit And Zpigne, the right end of the above interval, so der(z)
is positive and G(z) is increasing between those points as well.
Now consider z > zp;gns, Where der’(z) < 0, strictly so for
Z > Zpight- At Zpignt the der(z) is strictly positive (in fact
maximal) and ultimately for large 2 the der(z) is negative, so
for z > z;gne the G(z) rises further until a point z = Zpaq
where der(z) = 0. To the right of that point since der’(z) < 0,
the der(z) stays negative and G(z) is decreasing. Thus der(z)
is identified as having two 1oots zer;t and zmaz, and G(z) is
unimodal to the right of z.;;.

To determine the value of der(z) at z = 0, evaluate the
integral [*°(1+4t/v)?m(t)dt. In the same manner as in the
preceding subsection, it is (1+1/72)®(z) + (27+2)¢(z)/72.
Thus der(z) is

?;{T?C (1+§>3¢(z) + ziqub(z) +(1+ :2)@(,2)}
-(1+22d).
Atz=0itis

g {(Tﬁc + i) \/% + (1 + T12> /2}—[1+D(5C)/snr].
It is non-negative if TA./(2v/27) exceeds

[1+ D(8.)/snr]C'/R — (14+1/72)/2 — 2/(7V2n)
which using C’/R = 1+7/72% is

—1/2 D6,
1/2 + (r 7_2/ ) + S(Tf;)(l—kr/TQ) — 2/(7’\/%)
It is this expression which we call half for it tends to be not
much more than 1/2. For instance, if D(d.)/snr < 1/2 and
(3/2)r < (2/v/27)T, then this expression is not more than
1 —1/(272) which is less than 1.
So then der(z) is non-negative at z = 0 if

A, > 2427 half.
T

Non-negativity of der(0) implies that the critical value of the
function G satisfies zg < 0.

Suppose on the other hand that der(0) < 0. Then A, <
2v/27 half /7, which is less than 2/3 when 7 is at least
3v/27 half. Using the condition A, < 2/3, the der'(z) < 0
for z > 0. It follows that G(%) is decreasing for z > 0, and
both z¢ and z,4, are non-positive.



Next consider the behavior of the function A(z), for which
we show that it too has at most one oscillation. Differentiating
and collecting terms obtain that A’(z) is

Al(2) = =21 = A)(24+7)®(2) + Ac(z+7)%0(2).

Consider values of z in I, = (—7,00) to the right of —7.
Factoring out 2(z+7), the sign behavior of A’(z) is determined
by the function

M(z) = = (1=4.) @(2) + (Ac/2) (2+7) ¢(2) -

This function M (z) is negative for large z as it converges to
—2(1—A.). Thus A(z) is decreasing for large z. At z = —7
the sign of M (z) is determined by whether A, <1, if so then
M (z) starts out negative, so then A(z) is initially decreasing,
whereas in the unusual case of A, > 1, the A(z) is initially
increasing and we set z4 = —7. Consider the derivative of
M (z) given by

M'(z) = —[1-3A:/2 + (Ac/2) 2(z+7)] ¢(2).

The expression in brackets is the same quadratic function of
z considered above. It is centered and extremal at Z.e,; =
—7/2. This quadratic attains the value 0 only if A, is at least
A =2/(1%/4+3).

For A, < A%, which is less than 1, the M’'(z) stays negative
and consequently M (z) is decreasing, so M(z) and A’(z)
remains negative for z > —7. Then A(z) is decreasing in I,
(which actually implies the monotonicity of G(z) under the
same condition on A.).

For A.> A%, for which the function M’(z) does cross 0,
this M’(z) is positive in the interval of values of z centered at
Zeent = —7/2 and heading up to the point Zright previously
discussed. In this interval including [—7/2, z,;4n¢] the function
M (z) is increasing.

Let’s see whether M (z) is positive, at or to the left of z.ep.
For A, > 1 that positivity already occurred at and just to the
right of —7. For A, < 1, use the inequality ®(z) < ¢(z)/(—2)
for z < 0. This lower bound is sufficient to demonstrate
positivity in an interval of values of z centered at the same
point zeeny = —7/2, provided A.72/4 is at least 2(1—A,),
that is, A, at least A** = 2/(72/4+2). Then z4 is not more
than the left end of this interval, which is less than —7 /2. For
A, > AX*, this interval is where the same quadratic z(z47) is
less than —2(1—A.)/A.. Then the M (z) is positive at —7/2
and furthermore increasing from there up to z,;4n:, While,
further to the right it is decreasing and ultimately negative. It
follows that such M (z) has only one root to the right of —7/2.
The A’(z) inherits the same sign and root characteristics as
M (z), so A(z) is unimodal to the right of —7/2.

If A, is between A’ and A%*, the lower bound we have
invoked is insufficient to determine the precise conditions of
positivity of M (z) at zeent, SO we resort in this case to the
milder conclusion, from the negativity of M’(z) to the right of
Zright, that M (z) is decreasing there and hence it and A’(z)
has at most one root to the right of that point, so A(z) is
unimodal there. Being less than A%*, the value of A, is small
enough that 2/A. > 72/4 + 2, and hence Zright 1S NOt more
than [—7 + v/4]/2 which is —7/2 + 1.
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This completes the proof of Lemma 21.

We remark concerning G(z) that one can pin down down
the location of zg further. Under conditions on A, it is near
to and not more that a value near

1 TA./2
_\/21°g (27r D(éc)/snr—i—(r—l)/T?)’

provided the argument of the logarithm is of a sufficient size.
As we have said, precise knowledge of the value of zg is
not essential because the shape properties allow us to take
advantage of the tight lower bounds on A(z) for negative z.

APPENDIX VI
THE GAP IN THE CONSTANT POWER CASE

Proof of Corollary 19. We are to show under the stated
conditions that g(z) — x is smallest in [0,2*] at x = z*,
when the power allocation is constant. For z in [0,1] the
function z, is one to one. In this u.,; = 1 case, it is equal to
ze = [\/(1+7/72) /(1 — zv) — 1]7. It starts at = = 0 with 2g
and at z = z* it is (. Note that (1+z0/7)% = 14+ /72. If r > 0
the zp > 0, while, in any case, for r > —72 the zp at least
exceeds —7. Invert the formula for z = z, to express z in
terms of z. Using g(z) = ®(z) and subtracting the expression
for xz, we want the minimum of the function

(1+r/7%)
(1+z/7)2> '

Its value at zp is G(z9) = ®(zp). Consider the minimization
of G(z) for zg < z < ¢, but take advantage, when it is helpful,
of properties for all z > —7. The first derivative is

2 (14r/12
ole) - 20T
vt (14z/7)
ultimately negative for very large z. This function has 0, 1, or

2 roots to the right of —7. Indeed, to be zero it means that z
solves

G(z) = B(z) — — (1 -

2% —6log(1+2/7) = 2log(vT/c)

where ¢ = 2(1+7/7%)y/27. The function on the left side
v(2) = 22 — 6log(1+2z/7) is convex, with a value of 0 and a
negative slope at z = 0 and it grows without bound for large z.
This function reaches its minimum value (lets call it val < 0)
at a point z = z..;; > 0, which solves 2z — 6/(7+2) = 0,
given by zi = (7/2)[/1+12/72 — 1] not more than 3/7.

When val > 2log(v7/c) there are no roots, so G(z) is
decreasing for z > —7 and has its minimum on [0, (] at z = (.

When 2log(v7/c) is positive (that is, when v7 > ¢, which
is the condition stated in the corollary), it exceeds the value
of the expression on the left at z = 0, and G is increasing
there. So from the indicated shape of the function v(z), there
is one root to the right of 0, which must be a maximizer of
G(z), since G(z) is eventually decreasing. So then G(z) is
unimodal for positive z and so if zp > 0 its minimum in
[20, (] is at either z = 2y or z = ¢ and this minimum is at
least min{G(0), G(¢)}. The value at z = 0 is G(0) = 1/2. So,
with (7 —7y,)/[snr(72+7r1)] less than 1/2, the minimum for



z > 0 occurs at z = (, which demonstrates the first conclusion
of Corollary 19.

If r is negative then 2y < 0, and we consider the shape
of G(z) for negative z. Again with the assumption that
2log(v7/c) is positive, the function G(z) for z > —7 is
seen to have a minimizer at a negative z = 2, solving
22 = 2log(v7/c)—6log(14+2/7), where G’(z) = 0, and G(z)
is increasing between z,,;, and 0. We inquire as to whether
G(z) is increasing at zp. If it is, then zg > 2z and G(2) is
unimodal to the right of zy. The value of the derivative there
is ¢(2z0) — ﬁ, which is positive if

|z0| < \/2 log (V(T+Zo)/2\/%).

As we shall see momentarily, zq is between r/7 and r /27, so
this positive derivative condition is implied by

r/T > —\/2 log (V(T—I—T/T)/Z\/%).

Then G(z) is unimodal to the right of zo and has minimum
equal to min{G(zp), G(¢)}.

From the relationship (1+29/7)% = 1+7/72, with —7 <
zo < 0, one finds that r = z(27 + 2¢), so it follows that
zo = /(27 + zp) is between r/7 and r/27.

Lower bound G(z9) = ®(2¢) for 29 < 0 by the tangent line
(1/2)420¢(0), which is at least (1/2)+r/(7+/27). Thus when
r is such that the positive derivative condition holds, we have
the gap lower bound allowing 7., < r < 0 which is

min {1/2 1/ (rV2), (1 — 1) /[snr (T2+r1)}} .

This completes the proof of Corollary 19.

Next we ask whether a useful bound might be available if
G(z) is not increasing at this zp < 0. Then zyp < zpin, and
the minimum of G(z) in [z, (] is either at z,,;, or at (. The
G(z) is

(1+20/7)* = (142/7)”
(1+z/7)? ‘
2

Now since =z, is the negative solution to =z =
2log(vt/c) —6log(142/7), it follows that there z,,;y, is near
—+/2log(v7/c). From the difference of squares, the second
part of G(2min) is near 2(zg — zmin)/7T Which is negative.
So for G(zmin) to be positive the ®(z,,;,) would need to
overcome that term. Now ®(2,,:,) is near ¢(zmin)/|Zminls
and G'(z) = 0 at 2, means that ¢(2,,;,) equals the value
(2/vT)(1+20/7)2 /(14 2min/T)>. Accordingly, G(zmin) is

near
21+20/7) | 20+ \/21og(v7/e))
The implication is that by choice of r one can not push zg

much to the left of —\/2log(v7/c) without losing positivity
of G(z).

D(z) +

Next we examine when r,,, is negative, whether r arbitrarily
close to 7, can satisfy the conditions. That would require the
Tup/T to be greater than —v/27/2 and greater than

—\/2 log (v7(1+ Tup/TZ)/Q\/%).
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However, in view of the formula for r,,, it is near [1/(1+
snr) — 1]72 = —v7? when snr®(¢) and (/7 are small.
Consequently, r,,/7 is near —v7. So if v is greater than
a constant near \/ﬂ/ 2 then the first of these conditions on
rup/T is not satisfied. Also with this r,,/7 near —v7 the
argument of the logarithm becomes v(1—v)7/2v/27, needed
to be greater than 1. So if v7 is less than a constant near
V27 /2 then this argument of the logarithm is strictly less
than 1. Thus the conditions for allowance of such negative r
so close to 7, are vacuous. It is not possible to use an r so
close to r,, when it is negative.

If when 7, /T is negative, near —v7, we try instead to have
r/T = —a\/2m/2 with 0 < a < 1, then the first expression
in the minimum becomes (1 — «)/2, the second expression
becomes r — 7y, /[V(T+¢)?] near 1+ r/[v72] equal to 1 —
av/27/(2vT), and the additional condition becomes

=

av/2m/2 < \/210g (v(575= —o/4).
Which is acceptable with v7 at least a little more than
2v/2me”™/*. So in this way the 147 /72 factor becomes at best
near 1v271 /27. That is indeed a nice improvement factor in
the rate, though not as ambitious as the unobtainable 1+frup/ 72
near 1 — v.

A particular negative r of interest would be one that makes
(1+D(snr)/snr)(1+r/7%) = 1, for then even with constant
power it would provide no rate drop from capacity. With this
choice 1+7/72 = 1/(1+D(snr)/snr), the

r/7 = —7D(snr)/snr
1+ D(snr)/snr’

That a multiple of —7, where the multiple is near snr/2 when
snr is small. For G(z) to be increasing at the corresponding
29, we would want the magnitude —r/7 to be less than

\/2 log (v, 7(147/72)/2v/2), where the v(1+ r/tau?)/2
may be expressed as a function of snr, and is also near snr/2
when snr is small. But that would mean that b = Tsnr/2 is a
value where b? < 2log(b/+/27, which a little calculus shows
is not possible. Likewise, the above development of the case
that zy is to the left of z,,;,, shows that we can not allow
—r /7 to be much greater than the same value.

Omit these next three paragraphs which say more about the
positive r case. To drop the stated requirement on 2 log(7/c)
consider the remaining (perhaps unusual) case that 0 >
2log(7/¢c) > wval. Then there are two positive roots, one to
the left of z..;; and one to the right of z..;;. The root to the
left of z..;; provides a candidate minimizer of G(z), while to
the right of that point the function is unimodal. So if zj is at
least z.,;;, for which it would be sufficient that r be at least 6,
then the unimodality in [zo, (] remains, with the gap minimum
at z = ¢, if also r is not more than 7, + snr(72 +1r1)/2 as
assumed.

In this case that 0 > 2log(7/c) > wal, if z9 < zerit, the
minimum G(z) in [2g, ] occurs at either z = z¢.;+ or at z = (.
Then for the gap we have min{G(z.i), G({)} at least

14

min {@(zcm) + 1 {



from which, recognizing that both expressions are linear in r,
one can solve a linear equation for the maximum r —r,,;, for
which the expression on the right is the minimizer. Alterna-
tively, for a simpler expression of a sufficient condition, note
that the 147 /72 may be written (1+z0/7)2. The quantity in
brackets is negative for 0 < zg < z¢pit, but at least —2zp5¢ /7.
So using z..;+ < 3/7, the gap in this case is at least

. 6 T = Tup
mm{ (3/7) — , sm"(7'2+7“1)}'
The lower bound on G(z.;) in this case is near ®(0) = 1/2
for large 72 and it is positive when v 72 > 12. So then the
gap is at least (r — ry,)/[snr(7% +71)] for r — r,,, not more
than snr(72 +r1)[1/2 — 6/(v 72)].

Comparing the conditions 7 > ¢ = 2(1+7r/72)y/27 /v and
v 72 > 12, using v = snr/(1+ snr), one sees that the former
requires snr to exceed an expression of order 1/7 whereas the
latter allows snr of order 1/72. Moreover, the latter condition
is less restrictive when 7 > 6/ V27, Also, if r > 6 then neither
of those conditions are required and snr may be arbitrarily
small.

vr2

APPENDIX VII
THE r,,, BOUND BASED ON A QUADRATIC EQUATION FOR
1

Proof of Corollary 30: Recall that D(8,.) < §2/2 and 1+, =
(1+¢/7)?/(1+71/7?), so with ¢’ = ((1+(/(27)), we have

_ 2((’ — 1"1/(27'))
¢ T(1+7r/72)

so that (72 + r1)D(d,) is not more than
2(¢ —r1/2r)°
1+r /72

Thus for r ., — e we investigate the optimization of the bound

max {

n®(Q) + (2r+08(0) + |

crat

2(¢/ —ri/27)°

1,
14+r /72 +

, 2
W—&-l}é(()}.

Plugging in r; = 0 produces a bound for that case. To improve
it we allow non-zero ry. First let’s analyze the requirement
for its optimization. Observe that 2((’—r1/27) J(1+r1/7%)
is decreasing as a function of r; between —72 and 27(’.
Its derivative with respect to ry is equal to —(2/7)(¢' —
7“1/27')/(14—7“1/7'2) plus —(1/7’2)2(C’—r1/27')2/(1+rl/72)2,
which is indeed negative, together equal to —d.[1 + 1/(7(1+
r1/72)?)]. Also, the second expression in the maximum is the
increasing function r1®(¢) + (27 + {)¢(¢) plus the additional
amount less than the first expression in the max by the factor
®(¢) < 1. Its derivative is ®(¢) plus ®(¢) times the derivative
of the first expression. Accordingly, in the same manner as the
proof of the previous lemma, the minimum of the 7}, bound
is either at the r; providing a match or at the point at which
the derivative of the second expression is 0. Here we analyze
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the bound obtained by choosing the value of r; which make
the two expressions equal. These derivative properties reveal
there will be at most one root between —72 and 27¢’.

Equating the two expressions, grouping together like terms
using ®(¢) = 1 — ®(¢), and then dividing through by ®(¢),
the equation may be simplified to

2(¢" —r1/27)?

Evaluating either side of this equation at the solution 7
produces our 7,.,, — 1—¢ bound. The symbol % is used to
abbreviate the expression (27+¢)¢ ( )/®(¢). Positivity of the
expression on the right requires 1 > —(1)—1). As for positivity
of the expression on the left, the denominator 1+ / 72 will
then be at least 1—(¢)—1)/72 which is at least 1+1/72—1.6/7,
near 1 for reasonable size 7. In any case, this lower bound is
7+ 1/7 — 1.6 dividing by 7, which is positive since 7+ 1/7
stays at least 2.

Multiply through by 1+ r;/72, expand the square, and
simplify. This resulting equation is seen to be quadratic in
r1 and may be written

=711 — 1+ (27+)d(C)/2(C).

[1+7] 1 = [2(¢)2+1-9] —r2/(27%),

where v = 2¢'/7 + (p—1)/72
formula to provide the solution

r=7 [V + @) ~ (1+7)]

. One may use the quadratic

where
diff = 2(¢")*— (¢ —1).

The expression in the square root may be regrouped to show
that it equals (1+2¢’/7)? + 2, exceeding (1+¢’/7)?. This
shows that 71 exceeds 72[(14-2¢'/7) — (14+)] which equals
—(1p—1), in accordance with the requirement of positivity of
r1 4+ —1, and thence of 1+7; /7'2, thereby verifying that
among the two roots to the quadratic we have identified the
appropriate one. At this optimal r; the minimized r7,,, is

e =11+1U+e

crit T

Write the solution for r; as

ri =73 (1+9) [V1+ /)i /(1) - 1]

Which shows that r; has sign matching the sign of diff. Using
v 142d < 14d the formula yields the upper bound

i <7 = diff [(147).

This bound also arises from the quadratic equation preceeding
the formula, since dividing it by [1+~] yields r; equal to an
expression that provides the same upper bound by dropping
the r}/72 term. Likewise v/1+2d > 1+d/(d+1), valid for
d > —1/2, yields r1 > diff/[1+~+diff /(7?(1+7))], where
for diff < 0 the denominator is at least (1+(/7)2.

Using r < rj, the r},,, —1 — e bound, equal to r +11—1,
is not more than 7] 4+ ¢ —1, which may be written as

1 n2 Y
m[Q(C)]JFm

[v=1],



an average of 2(¢’)? and 1)—1. Equivalently, it may be written

22 — v 22+ 1—9],
() - = (2007 + 1)
which is 2(¢")? — yr}. Furthermore, since (72+71)D(J.) has
the bound made to match r; 4+ ©»—1, it is bounded by these
same expressions.

Likewise, from the identity

2(¢'—ry/27)?

1+7’1/T2 _(T

1 — 1) = wa

multiplying by ®(¢) this bounds the remainder used in Lemma
16 by rem < 1 ®(¢). Accordingly, concerning the expression
(27+C)¢(¢) +rem equal to ¢ () + rem which arises as the
numerator in the shortfall bound 6*, using ®(¢) + ®(¢) = 1,
it is seen to be not more than 1.

Next we check that J.. is positive. From the above expression
for §,. that is equivalent to the positivity of ¢’ —ry /(27), which
is at least ¢’ — r§/(27), which, using the form of r} and
regrouping, is seen to equal

¢, Wt
1+~ 27(147)

which is positive when ( is such that i) > 1.

This positivity of d. corresponds to r1 /7 < 2¢" and 1+ /72
less than 1+2¢’/7. For a lower bound on 1+7;/7% we may
use 1 — (¢p—1)/72 as previously discussed.

As for an upper bound on §., of course é. < 2¢’/7 when
r1 > 0. Otherwise, from r; > —(1)—1) we have

_ Wen/r T+ -7
B Y R S

where the numerator of the right side matches ~. Using the
upper bound on ) it gives

2" +1.6
T+1/7—16

To show a little more, it is not necessary to constrain ¢ > 1
for the positivity of d.. Having 7 > 1.4 as true with B > 2 is
sufficient for this positivity. Indeed factoring out 1/(1+~), the
above expression is at least ¢'(1—1/72) — 1/(27)+/(27).
Using v > 47¢((), it is at least ((1—1/72) — 1/(27)+24(C).
At ¢ =0 it is 2/+/2m — 1/(27) which is positive. Moreover,
it goes up from there, since its derivative 1—1/72 —2(¢ () is
at its minimum at ¢ = 1, where it equals 1—1/72—2/+/27e,
positive for 72 at least 1/[1 —2/y/2me], which is not more
than 1.94. So 7 > 1.40 > +/1.94 is sufficient for the §. to be
positive.

c =

The remainder of this proof is to established the simplified
bound when (? exceeds ¢ — 1. Use ¢! = ((1 + ¢/27).
Subtracting 2¢? from our bound, what remains is

2 g
2C3[(1+¢/27)" = 1] — ——[2(¢)? +1-9].
1+~
We want this to be negative, so that %, — 1 —e— 2¢? < 0.
Multiplying through by 1 + -y, the expression desired to be
negative becomes

(1+9)2¢2[(1+¢/27)% = 1] —y[2(¢)% + 1—4)].
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Using v = 2¢'/7 + (¢»—1)/72, this is a quadratic in % so
it is possible to specify by quadratic formula the condition
for negativity. To give a simplified sufficient condition, split
the bound according to the two parts of v, as a sum of the
following two expressions. The main part is

(4) = (126" /r)2¢* [(14¢/27) 1] =(2¢' /) [2(¢')* + 1]
and the other is (1) — 1)/72 times the expression
(B) =2¢*[(1 +¢/27)? — 1] — [2(¢)* + 1—9].

We show that both (A) and (B) are negative when (2 + 1
exceeds . First concerning (A), expanding (1+ ¢/27)? — 1,
rearranging, and simplifying, yields

(A) = —(2¢/7) 1+ ¢/27)[¢® + 1—¢] — ¢*/27?
Likewise for the expression (B) it simplifies to
(B) =—[¢®+1-9] - ¢%
Both of these are negative when (2+1 exceeds 1. That suffices

for (A) + (B)(¢) — 1)/72 negative, assuming also 1)—1 > 0.
Accordingly 7%, — 2¢% — 1 — € is negative. This completes
the proof of Corollary 30.

From this development, when ( 2 exceeds 1) — 1, not only

is 7%, < 2% + 1 +¢, but also, the value of
2(¢" = /27)?
1 + 7”1/27’2

is also less than 2(2. Consequently, we have the additional
controls that

=r—-1+9

<202+ 1—1)

and that
(72 +11)D(6.) < 2¢2.

APPENDIX VIII
THE VARIANCE OF 3~ . 7;lm, , ;

The variance of this weighted sum of Bernoulli that we wish
to control is V/L = 3. ., 77y )P (pax,;) with g j =
shifty, ; — 7. The shifty ; may be written as ,/cy7;7, where
ck = vL(1—-h")/(2R(1—2v)(145,)?) evaluated at x = qidgfl.
Thus

V/L =Y wiy®®((/erme) — 1)7)
ell
where ®®(2) is the function formed by the product ®(z)®(z).

In the no-leveling (c=0) case 7y = e~ 2¢(“"1/L2C/(vL)
and cxm(py = weR'/(R(1—av)) with R' = C(1-1")/(146,)2,
where u, = e~ 2¢(t-1)/L

With a quantifiably small error as before we may replace
the sum over the grid of values of t = ¢/L in [0, 1] with the
integral over this interval, yielding the value

~ 1 _ —2Ct1
V= (20/y)2/ ey N DY LCUC LN I P
0 1—av

If we change variables to % = e~C? it is expressed as

V:WLICQ3¢@ <<a\/@—1> 7') di.



To upper bound it we replace the @ factor with 1 and change
variables further to

Thereby we obtain an upper bound and V' of
VI—zv (2C/v)? _
zv (2C/v) /q)q)(z)dz.
/R/R C
Now ®®(z) has the upper bound (1/4)e="/2, which is
V27m$(z)/4, which when integrated on the line yields
T (O )1))2
y < Yo C) o
m/C'/R C
When R < R/, then using d < C and z < 1, it yields
V2mC

vir

V<

This provides the desired upper bound on the variance.

APPENDIX IX
SLIGHT IMPROVEMENT TO THE VARIANCE OF
Zj sent leHA,k,j

The variance of this weighted sum of Bernoulli that we wish
to control is V/L = 37, ., w2 @ (g ;)P (pur, j) with pug j =
shifty, ; — 7. The shift; ; may be written as /cx7;7, where
ck = vL(1—-h")/(2R(1—xv)(14d,)?) evaluated at z = qf’d,ffl.
Thus

V/L =Y 7% 88(( e — )
ell

where ®®(2) is the function formed by the product ®(z)®(2).

In the no-leveling (c=0) case () = e2¢U=1/LoC /(v L)
and gy = w R /(R(1—2v)) with R' = C(1- 1) /(140,)%,
where uy = e~ 2€(¢-1)/L

With a quantifiable small error as before we may replace
the sum over the grid of values of ¢ = ¢/L in [0, 1] with the
integral over this interval, yielding the value

- 1 _ —2ctr
V= (2C/V)2/ e i p0 ,/ﬂ—l 7 | dt.
0 1—zv

If we change variables to % = e~ ! it is expressed as

V:Qéé”)Z/:ca%ci ((m/lR//fy —1) 7') di.

To upper bound the above we change variables further to

Thereby we obtain an upper bound and V' of

(1 —av)? (2C/v)? [leo=b)7
(R'/R? C /(

(1+2z/7)° 0®(2)dz,

e Cco—1)T

where ¢y = \/R'/R(1 — zv). Now notice that (e~ Cco—1)T is
at least —7, making 1+ z/7 > 0 on the interval of integration.
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Accordingly, the above integral is can be bounded from above
by,

/ (1+2/7)% ®®(2)d=.

Further, the integral of (1+ z/7)° ®®(z) for z < —7 is a
negligible term that is polynomially small in 1/B. We ignore
that term in the rest of the analysis. Correspondingly we need
to bound the integral,

5_1(];/7}:;2 (ZCéV) /(1 + 2/7)° BB (2)dz.

Noticing that ®®(z) is a symmetric function, the terms that
are involve z and 23 after the expansion of (1 + z/7)° above
vanish upon integrating. Consequently, we only need to bound
the integral of ®®(z) and 22®®(z). Doing this numerically
we see that the integral of the former is bounded by a; = 0.57
and that of the latter is bounded by as = 0.48.

So ignoring the polynomially small term, the variance can
be bounded by

(1—av)?(2C/v)?
Vs ®imr o

which is less than,

(1—2v)?

We bound the above quantity by (4C/v?)(ay+az/7%)/7. Let’s
ignore the as/72 term since this of smaller order. Then the
variance can be bounded by 1.62/+/log B, where we use that
7 > /2log B and that 4a; /v/2 is less than 1.62.

(a1 —|—a2/7'2).

(a1 + a2/72).

(4c/v?)

APPENDIX X
NORMAL TAILS

Let Z be a standard normal random variable and let ¢(z)
be its probability density function, ®(z) be its cumulative
distribution and ®(z) = 1 — ®(z) be its upper tail probability
for z > 0. Here we collect some properties of this probability,
beginning with a conclusion from Feller. Most familiar is his
bound ®(z) < (1/2)é(z) which may be stated as ¢(z)/®(z)
being at least z. His lower bound ®(z) > (1/z — 1/23)¢(2)
has certain natural improvements, which we express through
upper bounds on ¢(z)/®(z) showing how close it is to 2.

Lemma 46: For positive z the upper tail probability P{Z >
z} = ®(z) satisfies ®(z) < (V27/2)¢(z) and satisfies the
Feller expansion

= 1 1 3 35

b6~ o) (- 5+ 5 -2,
with terms of alternating sign, where terminating with any
term of positive sign produces an upper bound and terminating
with any term of negative sign produces a lower bound.
Furthermore, for z > 0 the ratio ¢(z)/®(z) is increasing
and is less than z + 1/z. Further improved bounds are that
it is less than £(2) equal to 2 for 0 < z < 1 and equal to
z+1/z for z > 1, and, slightly better, ¢(z)/®(z) is less than
[z + V22 + 4] /2. Moreover, the positive ¢(z)/®(z) — z is a
decreasing function of z.



Proof of Lemma 46: The expansion is from Feller [32],
Chapter VII, where we note in particular that the first order
upper bound ®(z) < (1/2)¢ ( ) is obtained from ¢'(t) =
—t¢(t) by noting that 2®(z) = z [ ¢(t)dt is less than
[ to(t)dt = ¢(z). Thus the ratio ¢(z)/®(z) exceeds z.
It follows that the derivative of the ratio ¢(z)/®(z) which
s [p(2)/®(2) — 2]¢(2)/®(2) is positive, so this ratio is
increasing and at least its value at z = 0, which is 2/ V2.
Now for any positive ¢ consider the positive integral
f:o(t/c —1)2¢(t)dt. By expanding the square and using that
(t2—1)o(t) is the derivative of —t(t) on sees that this integral
s (1+1/cA)®(2) — (2/c — z/c?)¢(z). Multiplying through

by ¢?, and assuming 2c > z, its positivity gives the family of
bounds )
= c“+1
D(2) < .
0(2)/B() < £

Evaluating it at ¢ = z gives the upper bound on the ratio
of (224 1)/2 = z + 1/z. Note that since z/(2% + 1) equals
1/z — 1/[2(2? + 1)] it improves on 1/z — 1/z3 for all z >
0. Since ¢(z)/®(z) is increasing we can replace the upper
bound z + 1/z with its lower increasing envelope, which is
the claimed bound &(z), noting that z+1/z takes its minimum
value of 2 at z = 1 and is increasing thereafter. For further
improvement note that ¢(z)/®(z) equals a value not more
than 1.53 at z = 1, so the bound 2 for 0 < z < 1 may be
replaced by 1.53.

Next let’s determine the best bound of the above form by
optimizing the choice of c. The derivative of the bound is the
ratio of 2¢(2c—2z) — 2(c?+1) and (2c¢—2)? and the c that sets
it to 0 solves ¢ — zc— 1 = 0 for which ¢ = [z + V22 + 4]/2,
and the above bound is then equal to this c.

As for the monotonicity of ¢(z)/®(z) — z, its derivative
is (¢/®)? — z(¢/®) — 1 which is a quadratic in the positive
quantity ¢/®, abbreviating ¢(z)/®(z). Hence by inspecting
the quadratic formula, this derivative is negative if ¢/® is
less than or equal to [z+ /22 + 4]/2, which it is by the above
bound. This completes the proof of Lemma 46.

We remark that log(z)/®(z) has first derivative
#(2)/®(z) — 2 equal to the quantity studied in this lemma
and second derivative found above to be negative. So the fact
that ¢(2)/®(z) — z is decreasing is equivalent to the normal
hazard function ¢(z)/®(z) being log-concave.

APPENDIX XI
TAILS FOR WEIGHTED BERNOULLI SUMS

Lemma 47: Let W;, 1 < j < N be N independent
Bernoulli(r;) random variables. Furthermore, let o, 1 < j <
K be non-negative weights that sum to 1 and let N, =
1/max; ;. Then the weighted sum 7 = 3, o;W; which
has mean given by r* = 3 ; o1y, satisfies the following large
deviation inequalities. For any r with 0 < r < r*,

Pt <r)<exp{—N,D(r||r*)}
and for any 7 with r* <7 < 1,

P(# > 7) < exp {—NaoD(7||r*)}
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where D(r||r*) denotes the relative entropy between Bernoulli
random variables of success parameters r and r*.

Proof of Lemma 47: Let’s prove the first part. The proof of
the second part is similar.
Denote the event

A={W:Y a;W; <r}
J
with W denoting the N-vector of W;’s. Proceeding as in
Csiszar [24] we have that

P(A) = exp{—D(Pw allPw)}

< exp{ =3 D(Pu,allPu)}
J
Here Py 4 denotes the conditional distribution of the vector
W conditional on the event A and Py, 4 denotes the associ-
ated marginal distribution of W; conditioned on .A. Now

> D(Pw,allPw,) = No Y a;D(Puw; 1l P,).
J J

Furthermore, the convexity of the relative entropy implies that
> a;D(Pyw,all Pw,) > D(ZO‘J'PWJ\A I Zajpwj>-
J J J

The sums on the right denote o mixtures of distributions
Py, 14 and Py, respectively, which are distributions on
{0,1}, and hence these mixtures are also distributions on
{0,1}. In particular, 3 ov; Py, is the Bernoulli(r*) distribu-
tion and ) ov; Py, 4 is the Bernoulli(r.) distribution where

—E Zaj ]

But in the event A we have 7 < r so it follows that ., < r. As
r < r* this yields D(r. || v*) > D(r || r*). This completes
the proof of Lemma 47.

| 4] =E[7

APPENDIX XII
LOWER BOUNDS ON D

Lemma 48: For p > p*, the relative entropy between
Bernoulli(p) and Bernoulli(p*) distributions has the succes-
sion of lower bounds

_aa*\2
Dier(pllp*) > Droi(pllp”) = 2(vB—vpF)? > B

2p
where Dp,;(pllp*) = plogp/p* + p* — p is also recognizable
as the relative entropy between Poisson distributions of mean
p and p* respectively.

Remark a: There are analogous statements for pairs of
probability distributions P and P* on a measurable space
X with densities p(z) and p*(z) with respect to a domi-
nating measure p. The relative entropy D(P||P*) which is
J p(z)log p(z)/p*(x)p(dx) may be written as the integral of
the non-negative integrand p(z) log p(z)/p* (z)+p*(x) —p(x),
which exceeds (1/2)(p(z) —p*())?/ max{p(z), p* (x)}. It is
familiar that D(P||P*) exceeds the squared Hellinger distance



H2(P,P*) = [ (\/p(z) — /p*(x) )2u(dx). That fact arises
for instance via Jensen’s inequality, from which D exceeds
2log1/(1— (1/2)H?) which in turn is at least H2. However,
we have not been able to get D > 2H? in general. The above
lemma with the factor of 2 is for p > p*, not for general
integrands.

Remark b: When p is the relative frequency of occurrence in
N independent Bernoulli trials it has the bound P{p > p} <
e~ NDser(#llP™) on the upper tail of the Binomial distribution of
Np for p > p*. In accordance with the Poisson interpretation
of the lower bound on the exponent, one sees that this upper
tail of the Binomial is in turn bounded by the corresponding
large deviation expression that would hold if the random
variables were Poisson.

Proof of Lemma 48: The Bernoulli relative entropy may be
expressed as the sum of two positive terms, one of which is
plog p/p*+p*—p, and the other is the corresponding term with
1—p and 1—p* in place of p and p*, so this demonstrates the
first inequality. Now suppose p > p*. Write plog p/p*+p*—p
as p*F(s) where F(s) = 2s?logs + 1 — s? with s = p/p*
which is at least 1. This function F' and its first derivative
F'(s) = 4slog s have value equal to 0 at s = 1, and its second
derivative F"'(s) = 4 + 4log s is at least 4 for s > 1. So by
second order Taylor expansion F(s) > 2(s — 1)? for s > 1.
Thus plog p/p*+p*—pis at least 2 (\/]3—\/?)2 Furthermore
2(s—1)% > (s —1)%/(2s?) as, taking the square root of both
sides, it is seen to be equivalent to 2(s — 1) > s — 1, which,
factoring out s — 1 from both sides, is seen to hold for s > 1.
From this we have the final lower bound (p — p*)?/(2p).
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