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Spatially Coupled Sparse Regression Codes

for Single- and Multi-user Communications

Kuan Hsieh

Abstract

Sparse regression codes (SPARCs) are a class of channel codes for efficient communication
over the single-user additive white Gaussian noise (AWGN) channel at rates approaching the
channel capacity. In a standard SPARC, codewords are sparse linear combinations of columns
of an i.i.d. Gaussian design matrix, and the user message is encoded in the indices of those
columns. Techniques such as power allocation and spatial coupling have been proposed to
improve the performance of low-complexity iterative decoding algorithms such as approximate
message passing (AMP).

In this thesis we investigate spatially coupled SPARCs, where the design matrix has a block-
wise band-diagonal structure, and modulated SPARCs, which generalise standard SPARCs
by introducing modulation to the encoding of user messages. We introduce a base matrix
framework which provides a unified way to construct power allocated and spatially coupled
design matrices, and propose AMP decoders for modulated SPARCs constructed using base
matrices.

We prove that phase shift keying modulated and spatially coupled SPARCs with AMP
decoding asymptotically achieve the capacity of the (complex) AWGN channel. We also show via
numerical simulations that they can achieve lower error rates than standard coded modulation
schemes at finite code lengths. A sliding window AMP decoder is proposed for spatially coupled
SPARCs that significantly reduces the decoding latency and complexity.

We then investigate coding schemes based on random linear models and AMP decoding for
the multi-user Gaussian multiple access channel in the asymptotic regime where the number of
users grows linearly with the code length. For a fixed target error rate and message size per user
(in bits), we obtain the exact trade-off between energy-per-bit and the user density achievable
in the large system limit. We show that a coding scheme based on spatially coupled Gaussian
matrices and AMP decoding achieves near-optimal trade-off for a large range of user densities.
To the best of our knowledge, this is the first efficient coding scheme to do so in this multiple
access regime. Moreover, the spatially coupled coding scheme has a practical interpretation: it

can be viewed as block-wise time-division with overlap.
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Chapter 1

Introduction

This thesis investigates efficient capacity-achieving communication schemes for single- and
multi-user channels. In Sections 1.1 and 1.2, we introduce the additive white Gaussian noise
(AWGN) channel model for single-user communications, and the Gaussian multiple access chan-
nel model for multi-user communications. Furthermore, we describe the fundamental limits of
communication in these channels. Then in Sections 1.3—-1.5, we introduce the main frameworks
and tools that we use to construct efficient capacity-achieving communication schemes: sparse

regression codes, approximate message passing algorithms, and spatial coupling.

1.1 AWGN channel

w ~ N(0,0?)
|
z @ Y

Figure 1.1: AWGN channel

The additive white Gaussian noise (AWGN) channel is depicted in Fig. 1.1. The channel

generates output y € R from input x € R according to
Y=+ w, (1.1)

where w is drawn from a zero mean Gaussian distribution with variance 2, which we denote
by w ~ N(0,0?). The AWGN channel is memoryless since the channel output y only depends
on the current channel input z and not the previous inputs. The channel input has an average
power constraint P: if x1,z9,...,x, are transmitted over n uses of the channel, then it is

required that

1 2
— E - < P. 1.2
n “4 xz - ( )
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Figure 1.2: Communication across the AWGN channel

The signal-to-noise ratio of the AWGN channel is therefore P/o?.

This channel model is interesting and practically relevant because: (i) additive noise is
commonly found in physical systems; (ii) Gaussian noise is a good approximation to the sum
of many independent zero-mean random variables (which can represent different noise sources)
due to the central limit theorem; (iii) Gaussian noise is the worst noise for a given variance (in
the sense of differential entropy), so it provides a worst case bound; (iv) power constraints exist
in real systems (e.g., use of battery); (v) it is easy to analyse. More complex models can be

built on top of this.

Communication across the AWGN channel In order to communicate across the AWGN
channel, one needs to encode information into channel input symbols, and decode channel output
symbols back to meaningful information, see Fig. 1.2. The encoder maps a message m, chosen
from a message set M, into an input codeword x € R™. The decoder generates an estimate of
the sent message denoted m € M from the channel output y € R™. The probability of error P,
is usually defined as either the maximum or average probability of decoding a message in error,
ie.,
P = max P( #m)  or > P(m)P(R # m), (1.3)
meM
where P(m # m) is the probability of decoding error given message m was transmitted.
Assuming all the messages are equally likely (which is a reasonable assumption when the
messages come from a compressed source), then each message contains log, | M| bits of infor-

mation. Therefore, the rate of transmission denoted by R is given by

R

1
_ log, | M| bits/channel use. (1.4)
n

One aims to communicate at high rates with a low probability of error.

Shannon’s channel coding theorem states that the channel capacity C' (dependent on the
channel parameters) is the tight upper bound on the rate at which reliable communication is
achievable [8,9]. In other words, for all R < C, there exists a code such that an arbitrarily
small probability of error can be achieved. Conversely, for R > (|, it is impossible to achieve an

arbitrarily small probability of error. For the AWGN channel with average power constraint P
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Figure 1.3: Coded modulation

and noise variance o2, the channel capacity is given by

1 P
C = 5 log, <1 + 2) bits/channel use. (1.5)
o

A key goal in information and coding theory is to communicate reliably across the AWGN
channel at rates approaching the channel capacity with computationally efficient encoders

and decoders.

In the standard forward proof of achievability, random codebooks with independent and
identically distributed (i.i.d.) Gaussian entries are used and the code length n is taken to
infinity [9]. However, decoding is computationally infeasible for this setup as the complexity
grows exponentially with n (requires an exhaustive search over the whole codebook).

Since the channel coding theorem was stated in 1948, the channel coding community has
been endeavouring to invent capacity achieving codes with feasible encoders and decoders. In
the past few decades, much progress has been made to “close the gap to capacity”, especially
with in the the invention of Turbo codes [10], the rediscovery of Low-Density Party Check
(LDPC) codes [11,12], and more recently the invention of polar codes [13] and spatially coupled
LDPC codes [14,15]. For an overview of the development of channel codes over the years,
see [16].

Coded modulation Most practical coding schemes do not directly code for the AWGN
channel. Instead, they are separated into two steps: coding and modulation, which is referred
to as coded modulation [17-19)].

The coding step includes an encoder, which maps messages m € M into binary sequences (or
sequences of symbols from another finite set), and a decoder which reverses this operation. The
modulation step includes a modulator and demodulator. The modulator uses standard schemes

such as quadrature amplitude modulation (QAM) to map binary sequences onto a finite set
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of symbols on a complex plane (known as constellations). These symbols are are then used to
modulate the carrier waveform to be transmitted over the channel. The demodulator reverses
the operation of the modulator. See Fig. 1.3 for the coded modulation system model.

For a fixed modulation scheme, the encoder and decoder views the modulator, channel and
demodulator together as a channel with discrete inputs and outputs (dashed box in Fig. 1.3).
State-of-the-art coded modulation schemes use binary error correcting codes such as Turbo,
LDPC or polar codes for the coding step. Moreover, at the receiver, the demodulator passes
soft-information to the decoder (posterior probabilities for each of the coded bits). The codes
mentioned above have been shown to either come very close to, or provably achieve the channel
capacity of binary input channels such as the binary erasure channel under practical decoders.
However, when used together with popular modulation schemes such as QAM, they have good

empirical performance but do not provably achieve the AWGN channel capacity.

Sparse regression codes One may ask if it were possible to step back from the cod-
ing/modulation divide and directly code for the AWGN channel (compare Figs. 1.2 and 1.3).
Sparse regression codes (SPARCs) are a recent class of codes that generate real valued code-
words to directly code for the AWGN channel, and are provably capacity achieving using various

low-complexity! decoding algorithms [20-22].

In this thesis (Chapters 2 and 3) we consider SPARCs for AWGN channel coding under the
efficient approximate message passing (AMP) decoder. We prove that certain generalisations
of SPARCs can asymptotically achieve the channel capacity under AMP decoding. Further-
more, using these generalisations, we design SPARCs that achieve lower error rates than earlier
SPARCs designs and standard coded modulation schemes, and have lower decoding complexity
compared to earlier SPARCs. Introductions to SPARCs and the AMP algorithm are given in
Sections 1.3 and 1.4, respectively.

Other methods We list here a few notable coding schemes for the AWGN channel which

will not be discussed further in this thesis:

1. Trellis-coded modulation (TCM) [17] considers coding and modulation combined as a
single entity for improved performance. TCM is based on the combination of trellis

(convolutional) codes and constellation mappings via set partitioning.

2. Bit-interleaved coded modulation [19,23] is a pragmatic approach to coded modulation
where the encoder is a serial concatenation of a binary code, a bit interleaver, and a binary

labelling function which maps bits to constellation symbols. Furthermore, the decoder

!By low-complexity, we mean the computational complexity is of the same order as a low order polynomial
in the code length n.
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receives soft information (e.g. bit-wise a posteriori probabilities) from the demodulator

and the performance can be improved if the decoder is implemented iteratively.

3. Multilevel coding (MLC) using binary codes and multistage decoding (MSD) can achieve
the AWGN channel capacity [24,25].

4. Lattice codes are a class of structured codes that can achieve the AWGN channel capacity
[26].

1.2 Gaussian multiple access channel

W, ..., Wy i'i&d'./\/'((),crz)

mi
User 1 Encoder C1,1,---,Cl,n

msy C21,---,C2n Yy -5 Yn mi,Mo,..., Mg,
User2 |— | Encoder @ Decoder

mrp,
User L Encoder |~ €L.1s--+>CLn

user transmitted received estimated
messages symbols symbols messages

Figure 1.4: Communication across the Gaussian multiple access channel.

Often multiple users communicate simultaneously across a common channel to a single
receiver. A useful model for this setting is the L-user Gaussian multiple access channel (MAC),

where the channel output sequence/vector y € R" is generated as

L
Yy = ZCK_'_wa (16)
/=1

where ¢, € R" is the codeword of user ¢ € [L] and the entries of noise vector w € R™ are i.i.d.
~ N(0,0?), see Fig. 1.4. For a positive integer N, we use [N] to denote the set {1,..., N}. An
example of the model (1.6) is a wireless network where multiple mobile devices communicate
with a single base station over the same time or frequency block, and the electromagnetic
waves containing the user information undergo constructive interference. A shortcoming of
this channel model is that it assumes the users are coordinated and aligned in their use of the
channel, i.e., synchronised.

This thesis concentrates on symmetric Gaussian MACs, where the message set M and the

average power constraint of each user are the same. In this setting, the per user rate is given by
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Ryser = logy |[M]/n bits/channel use. In the rest of the thesis, the symmetric setting is assumed
whenever MACs are mentioned.

Communication across Gaussian MACs involve trade-offs between the number of users, rate,
signal-to-noise ratio, and the probability of decoding error. Furthermore, variables such as the
probability of decoding error can be considered either on a per user basis, or on a joint (all user)
basis. These trade-offs have been analysed under several asymptotic regimes in which the code

length n is unbounded. We now discuss two such regimes.

1.2.1 Finite-user setting

In this setting, one considers a fixed number of users and aims to communicate at a high (per

user) rates with a low joint probability of error (JPE):
JPE:P((r/ﬁl)?r/ﬁL) 7& (m17"'7mL))7 (17)

where each user’s message, my for ¢ € [L], is chosen uniformly at random from the message set
M. This is the conventional setting considered in multi-user information theory, see [9, Chpt. 15]
and [27, Chpt. 4].

Similar to the capacity of the (single-user) AWGN channel described in Section 1.1, the per
user capacity of the (symmetric) Gaussian MAC, denoted by Clger, is the tight upper bound on
the per-user rate Ruger at which communication at arbitrarily low JPE is achievable. For the

Gaussian MAC with noise variance o2 and average power constraint P, i.e.,
leel|> <P for £ € [L), (1.8)
the per user capacity is given by
1 LP
Cluser = o logy <1 + 02> bits/channel use. (1.9)

When L = 1 we recover the AWGN channel capacity in (1.5). When L increases with the
signal-to-noise ratio P/o? held constant, the per user capacity decreases to 0. This suggests
that for MACs with a large number of users, the constant user rate and (symbol) signal-to-noise

ratio setting is not the one of interest. (Note that L tends to infinity after the code length n.)

1.2.2 Many-user setting

There has been a growing interest in the study of Gaussian MACs in the many-user setting,
where the number of users L increases together with the code length n. This asymptotic setting
was first introduced by Chen et al. in [28]. It was motivated by the need to model emerging

digital communications scenarios where the number of devices in a network is expected to grow
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significantly. These include scenarios introduced by Internet-of-Things (IoT) applications and
massive machine type communications. Moreover, the trade-offs of interest in these applica-
tions often differ from those analysed in the finite-user setting. For example in wireless sensor
networks, the number of bits transmitted by each sensor may be fixed instead of scaling with
n (the latter happens when considering fixed per user rate), and there may be energy-per-bit
requirements instead of power constraints on the user codeword symbols (see (1.8)). There-
fore, the term “many-user” is used in the literature in a broad sense and individual works on
many-user MACs may consider different trade-offs. In the literature, many-access channels and
massive multiple access are often also used to refer to this multiple access setting [28,29].

In the following sections, we discuss two lines of work on many-user MACs which analyse

two different sets of trade-offs.

Effect of user scaling on capacity per unit energy

The capacity per unit energy Cuser is the maximum number of bits (payload) that each user can
reliably transmit over the Gaussian MAC per unit energy, i.e., normalised by the squared norm
of the user codewords ||¢¢||> = E. In other words, for any payload per unit energy l°g2E|M| less
than Cyser, there exists a code that can achieve an arbitrarily low JPE (defined in (1.7)).2

In [30], Ravi and Koch characterised the capacity per unit energy of Gaussian MACs in the
many-user setting for different scalings of the number of users with the code length. Specifically,
they showed that if the number of users L,, (a function of n) is of order strictly above n/logn,
then Cuser = 0, i.€., N0 coding scheme can achieve a positive payload per unit energy. Conversely,
if L, is of order strictly below n/logn, then the capacity per unit energy is equal to that of a
single-user AWGN channel with the same noise variance as the Gaussian MAC, i.e., users can
communicate interference free in this scaling regime.

In [31], the same authors considered the same setting as above, but defined the capacity per

unit energy using the per-user probability of error (PUPE):

L
PUPE = ZZ My # my), (1.10)

instead of the joint probability of error (JPE) defined in (1.7). They showed that similar results
hold with the transition threshold being at n instead of n/logn: if L, grows at least linearly
with n, then Cyser = 0. Otherwise, if L,, grows sublinearly in n, then Cluser 18 equal to that of
a single-user AWGN channel. Both the above results consider vanishing probabilities of error
(either JPE or PUPE — 0 as n — 00).

In [31], the authors also considered non-vanishing probabilities of error. It was shown that

the capacity per unit energy results for non-vanishing JPE are the same as that for vanishing

2 Note that the inverse of the capacity per unit energy is the minimum energy-per-bit Ep required for reliably
transmission.
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JPE. That is, allowing JPE < € for some fixed € € (0,1) that is independent of n does not
increase the payload that can be transmitted per unit energy as n — oo.

However, the capacity per unit energy results for non-vanishing PUPE are different from
those of vanishing PUPE. In particular, the authors argue that if the number of users grows
linearly with the code length, a positive payload per unit energy is achievable if one allows
for non-vanishing PUPE. Recall that Cyger = 0 (vanishing PUPE) for linear orders of growth.
Furthermore, in addition to requiring a non-vanishing PUPE to achieve positive payloads per
unit energy, both the energy E and the payload size log, | M| must be bounded as n — co. In
the following section, we describe results in this asymptotic scaling regime: the number of users
grows linearly with the code length, the user payload and energy are fixed, and a non-vanishing

PUPE is considered. This is the asymptotic regime that will be investigated in this thesis.

Tradeoff between user density and energy-per-bit in the linear scaling regime

In [32], Polyanskiy considered the Gaussian MAC in the asymptotic regime where the number
of users L grows linearly with the code length n, i.e., L = un for some fixed user density p, and
the number of bits transmitted by each user (payload) is fixed and independent of n. In this
asymptotic regime, Polyanskiy sought to characterise the optimal trade-offs between the user
density p, the user payload log, | M|, the per-user probability of error (PUPE) defined in (1.10),
and the signal-to-noise ratio Ej/Ny. Here Ej is the energy-per-bit (the inverse of payload per
unit energy) and Ny/2 = o2 is the noise spectral density per dimension. Note that the energy of
the user codewords (||c/||> = E) are bounded since E = Ejlog, | M|, and both Ej and log, | M|
are considered fixed.

In [32] and [33], Polyanskiy et al. obtained converse and achievability bounds on the mini-
mum Ejy /Ny required to achieve a decoding error of PUPE < € for a given € € (0,1), when the
user density p and user payload are fixed. The achievability bound was based on the coding
scheme where users encode their messages with i.i.d. Gaussian codebooks, and messages are
decoded with (joint) maximum likelihood (ML) decoding.

Fig. 1.5 shows an example of the results in [33]. We plot the converse (red) and achievability
(blue) bounds on the minimum Ej,/Ny required to achieve a decoding error of PUPE < 1073
when the user payload is log, |[M| = 100 bits. We observe that at this payload size and
choice of maximum PUPE, the converse and achievability bounds match at user densities above
approximately 0.008. We also observe an interesting behaviour in the these bounds: as Ej/Ny
increases, there is a sharp jump from not being able to communicate at any user density to being
able to achieve a strictly positive user density. In this low user density region (vertical part
of the curves), one can increase the user density up to the top of the vertical line without the
need to increase the signal-to-noise ratio or suffer a higher PUPE, i.e., there is perfect multi-user
interference cancellation. Recall from the previous section that interference free communications

is also achievable if L grows sublinearly in n.
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Figure 1.5: Asymptotic achievable regions in Gaussian MACs when the number of users L grows linearly
with the code length n with fixed user density p = L/n. We plot the minimum FE}/Nj required to
achieve a decoding error of PUPE < 1072 when the user payload is log, M| = 100 bits. (Same setup
as [33, Fig. 1].)

In Fig. 1.5 we also plot the achievable region of orthogonal multiple access schemes (e.g.
time division multiple access) for comparison (black), where the n channel uses are evenly
divided among the L users. The achievable region of orthogonal schemes is obtained using the
normal approximation to the (single-user) AWGN finite length error bound in [34] with the
following AWGN parameters: code length n/L = 1/u, rate ulog, | M|, and signal-to-noise ratio
2/;% logy |[M]. We observe that the user density versus E,/Ny trade-off that can be achieved
by orthogonal multiple access schemes is strictly suboptimal except at very small user densities,

and the gap to the achievability bound (blue) is significant.

In this thesis (Chapter 4) we consider the Gaussian MAC in the same asymptotic setting:
linear user scaling, finite payload, finite energy, and finite error probability. We analyse coding
schemes based on random linear models (which include i.i.d. Gaussian codebooks) and efficient
approximate message passing (AMP) decoding, and derive the exact asymptotic achievability
regions of these schemes. We find that the asymptotic achievability of a coding scheme based on
spatially coupled Gaussian matrices and AMP decoding exceeds that suggested by the achiev-
ability bound in [33] and nearly matches the converse bound for a large range of user densities.
To the best of our knowledge, this is the first efficient coding scheme to do so in this MAC
regime. The spatially coupled scheme can be interpreted as generalised time-sharing: the cou-
pling structure specifies which users are active during each channel use. Introductions to the

AMP algorithm and spatial coupling are given in Sections 1.4 and 1.5, respectively.
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Other works on many-user M ACs

The recent papers [35,36] study the fundamental trade-offs in the quasi-static fading MAC in
same asymptotic regime as [32,33], where the number of users grows linearly with the code
length.

Several works on multiple access in many-user setting consider random multiple access
[28,32,37], unsourced multiple access, or a combination of both [32,38-40]. Random (or unco-
ordinated) multiple access is where only a subset of all users are actively transmitting. The user
activity is sporadic and the active users need to be identified by the receiver. Moreover, the
number of active users may grow with the code length at a different rate compared to the total
number of users. This can model the sporadic nature of some event-driven IoT applications.
Unsourced multiple access is where all users use the same codebook and hence user messages
are decoded up to a permutation, i.e., without regard to who the sender is. The combination
of the two, which is called unsourced random access, can be used to model multiple access
in IoT applications where the population statistics is of interest rather than any individual’s
data, perhaps for privacy preserving reasons. A review of the recent developments in many-user
MACs can be found in [29].

1.3 Sparse regression codes

Sparse superposition codes, or sparse regression codes (SPARCs), are a recent class of codes
introduced by Joseph and Barron for reliable communication over the (single-user) AWGN chan-
nel (1.1) [20,21]. Since SPARCs were introduced, they have been generalised for communication
over general (single-user) memoryless channels [41,42], and applied to lossy compression [43],
Gaussian multi-terminal source and channel coding problems [44], and unsourced random ac-
cess [39,40]. The recently published monograph on SPARCs [45] provides an overview of the
research that have been done in SPARCs. In this thesis, we focus on SPARCs for AWGN

channel coding.

1.3.1 Encoding

A standard SPARC is defined by a random design matriz A of dimensions n x LM whose
entries are i.i.d. zero mean Gaussian. Here n is the code length and L, M are integers whose
significance will be explained later. As shown in Fig. 1.6, the design matrix A can be viewed as
having L sections with M columns each. Codewords are generated by the linear combination
of L columns of A, one column from each section. This can be represented as a matrix-vector
multiplication A3, where 8 € REM is a message vector with exactly one non-zero entry in each
of its L sections. The corresponding non-zero values are fixed a priori and denoted by a1,...,ar,

as shown in Fig. 1.6. Note that SPARCs are not linear codes as the sum of two codewords is
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Section 1 Section 2 Section L

Tows

B:| ..0,a1,0 1a0,0,.. .. 1 0,a0,..

M columns

Figure 1.6: SPARC codewords are of the form A3, where A is an n x LM design matrix and 83 is an
LM x 1 message vector with one non-zero entry in each of its L sections. The non-zero values a1,...,ar,
are fixed a priori.

logy M bits logy M bits logy M bits
Input bit stream : 0,0,0 0,1,1 - 1,1,0
l | | r
B [ 0,0,0,0,0,0,0,0, a1 0,0,0,0,0,a9,0,0,0 - 0,ar,0,0,0,0,0,0,0 }
M entries M entries M entries
Section 1 Section 2 Section L

Figure 1.7: SPARC encoding example with M = 8.

not necessarily a codeword. (We intentionally use L to denote both the number of users in a
Gaussian MAC (Section 1.2) and the number of sections in a SPARC. The connections between
the Gaussian MAC model and the SPARC construction are described in Chapter 4.)

The message to be transmitted is indexed by the locations of the non-zeros in the message
vector 3. Since each section of the L sections of 8 has M entries, each section encodes logy M

bits, and the rate of the code is given by

R

L1 M
_ 0862 bits/channel use. (1.11)
n

A graphical illustration of the encoding procedure is given in Fig. 1.7, where we use the decimal
equivalent of each segment of logy M bits to determine the location of the single non-zero entry
among M corresponding entries of the message vector. Note that the message vector is sparse,

i.e., most entries in 3 are zero.

Power allocation The design of the non-zero values in the message vector {ai,...,ar} is
denoted the power allocation. Power allocation is crucial to the performance of SPARCs when
efficient iterative decoders are used [21,22,46,47]. A commonly used design for theoretical

analysis is the exponentially decaying power allocation:

ag o 2726 L for 0 € (L], (1.12)
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where C' is the Shannon capacity of the AWGN channel given in (1.5). The variance of the
Gaussian entries of A and the power allocation {aq,...,ar} are chosen such that codewords
satisfy the average power constraint in (1.2) in expectation, i.e., E[|| AB||?] < nP. The intuition
for using this exponentially decaying power allocation for iterative decoding is that the sections
with higher power (larger values of ay) decode in the earlier iterations; once decoded, the
interference from these high power sections are removed, which makes lower power sections

easier to decode in later iterations.

1.3.2 Decoding

Using the AWGN channel model in (1.1), the channel output y € R™ can be represented as
y=AB+w, (1.13)

where the noise vector w € R™ has i.i.d. A'(0,0?) entries. The decoder aims to recover the
message vector B given the channel output y. The design matrix A, the power allocation

2 are known to the decoder. Notice that this is

{ai,...,ar}, and the channel noise variance o
similar to the compressed sensing signal recovery problem where one aims to recover a sparse

(in some known basis) vector 3 from random linear measurements y [48-50].3

Error performance criterion A common performance measure of SPARC decoders is the
section error rate (SER), which is the fraction of sections decoded wrongly, or equivalently, the

fraction of the locations of the non-zero entries estimated in error. It is defined as
1 L
SER := Z Z 1 {/Bsec(f) # Bsec(Z)} ) (1'14)
=1

where 1{-} is the indicator function, By € RM is the /-th section of the message vector,
and ,C:Isec(@ is the decoder’s estimate of that section. For several decoders (which are listed
later), prior works have obtained bounds on the probability of excess section error rate, i.e., the
probability of the event {SER > €} for some € € (0, 1).

Another performance measure is the bit error rate (BER). Recall that log, M bits determine
the location of the non-zero entry in a section of the message vector 3. Assuming that the
probability of estimating the location of the non-zero entry incorrectly is uniform across the M
possible locations, if the location is estimated incorrectly, then on average half of the log, M

bits will be decoded in error due to the uniform mapping of location to bits. Therefore, for a

3Compared to compressed sensing, the 3 vector for SPARCs has section-wise i.i.d. entries (one non-zero entry
in each section whose value is known to the decoder, only the location is unknown) whereas compressed sensing
usually assumes i.i.d. entries. Moreover, in the asymptotic analysis of compressed sensing, one often assumes
that the measurement ratio 312&9) converges to a constant, whereas in the asymptotic analysis of SPARCs, the
measurement ratio tends to 0. See Section 1.4 for more details on compressed sensing.
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SPARC with a large number of sections, the bit error rate will be close to half the section error

rate.

Optimal decoder SPARCs with “flat” power allocation (a; = ag = ... = ay) were analysed

under the optimal/maximum likelihood (ML) decoder in [20]. The decoder is given by

ﬂ:argminHy—A,B'H%, (1.15)

B'eBr,m
where Br, ar is the set of length LM vectors with L sections of M entries each, and with a
single non-zero entry equal to a; in each section. For rates R < C, the ML decoder was shown
in [20] to have error probability decaying exponentially in the code length n. In particular, the

probability of excess section error rate is bounded as follows for any € € (0,1):
P(SER > ¢) < e rnmin(6(C=R)%) (1.16)

where x is a universal positive constant. This result was extended to SPARCs with design
matrices that have ii.d. Bernoulli +1 entries in [51,52]. Is not computationally feasible to
implement the ML decoder for large values of (L, M), hence, several low complexity iterative

decoders have been proposed.

Low complexity decoding schemes Here we list several low complexity iterative decoders
that have been proposed for SPARCs. The results that we discuss are all given for SPARCs

with exponentially decaying power allocations (see (1.12)).

1. Adaptive successive hard-decision decoder For any rate R < C, the probability of

excess section error rate of this decoder decays exponentially in n/logn [21].

2. Adaptive successive soft-decision decoder For any rate R < C, the probability of
excess section error rate of this decoder decays exponentially in n/(logn)?T +1, where T*

is the number of iterations run by the decoder [46, 53].

3. Approximate message passing decoder This decoder has been proposed and analysed
in several works [22,54-57]. For any rate R < C, the excess section error rate of the AMP
)20 +1

decoder decays exponentially in n/(logn , where T* is the number of iterations

required for successful decoding and is inversely proportional to log(C'/R) [57].

Error performance Although the error exponents for the above three decoders are sim-
ilar, their empirical performance differs. In particular, the adaptive successive hard-decision
decoder has high SER at rates near capacity for practical code lengths [58]. To best of the au-

thor’s knowledge, the latter two decoder’s error performance have not been directly compared.
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Computational complexity The computational complexity and memory requirement of
the adaptive successive hard-decision decoder and the AMP decoder are both of order O(nLM)
when Gaussian design matrices used. The complexity is dominated by matrix-vector multiplica-
tions with the design matrix A € R"*IM and the memory requirement by the need to store the
design matrix. The adaptive successive soft-decision decoder has higher decoding complexity
as it requires a Cholesky decomposition computation at each iteration. In [22] and [56], the au-
thors proposed to construct design matrices A by uniformly sampling rows from a Hadamard or
Fourier matrix, similar to what is often done in the compressed sensing literature [50]. This can
reduce the computational complexity to O(LM log(LM)) by using the Fast Walsh-Hadamard
Transform [59] or the Fast Fourier Transform [60]. Furthermore, only the index of the rows that

were sampled need to be stored in memory, which is of order O(n).

Hardware implementations There has been some research done in the design of ded-
icated hardware for SPARC encoding and decoding for improved efficiency. In [61], the error
performance of SPARCs under the AMP decoders introduced in [22] and [56] were evaluated
under finite precision and finite code length. In [62], the same authors proposed the first SPARC

encoder and decoder architectures.

Improving error performance Two approaches have been proposed to improve the
finite length error performance of SPARCs under AMP decoding. In [22,47], the authors
proposed ways to optimise the power allocation, and in [55,56], the authors proposed to use the
spatial coupling technique to construct the design matrix A. For rates away from capacity and
at practical code lengths, these methods showed orders of magnitude improvement in the SER
compared to using the exponentially decaying power allocation defined in (1.12). The spatial
coupling technique will be introduced in Section 1.5 and its application to SPARCs in Chapter
2.

In this thesis (Chapters 2 and 3) we devise a unified framework to analyse both power allocated
and spatially coupled SPARCs. Furthermore, we generalise the SPARC construction so that
information is not only encoded in the locations of the non-zero entries of the message vector 3,
but also in the non-zero values that they take. These generalised SPARCs are named modulated
SPARC:s as the non-zero values are chosen from a digital modulation scheme such as phase-shift
keying (PSK). We analyse the decoding progression of spatially coupled and PSK modulated
SPARCs under AMP decoding, and prove that they are asymptotically capacity achieving.
We also show via simulations that they can achieve lower error rates than existing SPARCs

constructions and also standard coded modulation schemes at finite code lengths.
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1.4 Approximate message passing

Approximate Message Passing (AMP) refers to a class of algorithms that are Gaussian/quadratic
approximations to loopy belief propagation/message passing algorithms on dense factor graphs
for certain high-dimensional problems, e.g., compressed sensing, generalised linear models, and
low-rank matrix estimation [63-66]. The AMP algorithm is closely related to the “approximate
belief propagation” algorithms used in earlier works for code-division multiple-access (CDMA)
multi-user detection problems [67-70].

In this thesis we focus on using AMP as a decoding algorithm for coding schemes based
on random linear models. In this section we introduce AMP in the context of the compressed

sensing problem, which is a particular application of random linear models.

Compressed sensing In compressed sensing [48-50], one aims to recover a signal vector
By € R™ from random linear measurements y; = a; - By for ¢ = 1,...,m, where the a;’s are
random vectors, x - y represents the dot product between vectors « and y, and the number of
measurements m is less than the signal dimension n. Signal recovery is possible because the
recovery algorithm takes advantage of a priori knowledge of the signal structure, such as sparsity
(only a subset of entries of 3 are non-zero), or sparsity is some known basis (e.g., Wavelet or
Fourier). Compressed sensing in additive Gaussian noise is often represented in the following
vector form:

y=ABy+ w, (1.17)

where the sensing (or measurement) matrix A € R™*™ has ay, ..., @y, as its rows and the noise
vector w € R™ has i.i.d. N(0,02) entries.

Compressed sensing is often analysed in the large system limit where m, n both tend to infin-
ity with the measurement ratio 6 = m/n converging to a constant in (0, c0). Furthermore, i.i.d.
Gaussian sensing matrices and i.i.d. signal vectors are often assumed, i.e., A;; Lig (0,1/m)
and By ; R P, [71-74]. We now introduce the AMP signal reconstruction algorithm in such a

setting.

AMP signal reconstruction for i.i.d. Gaussian A A compressed sensing signal recon-
struction algorithm aims to accurately recover the signal vector 3, from noisy measurements y
given the sensing matrix A. The AMP algorithm iteratively generates signal vector estimates 3

at iterations t = 0,1,2, ... as follows: initialise B° to the all-zero vector, and for ¢ > 0 compute

1, - L
zt:y—Aﬁ“rgzt Y (B + A%

ﬁt—‘rl =, (ﬂt +A*Zt) .

(1.18)
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Here A* is the transpose of A, variables with negative iteration indices are set to zero, n:()’s
are scalar denoising functions (applied entry-wise) that we discuss later, n)(s) = %nt(s), and
for a vector & = [z1,...,2z,], () == Y 1", xi/n. There is a vast literature on the history of
AMP algorithms and how they can be obtained by making approximations to sum-product (or
min-sum) message passing, a few references are [64,75-78]. Before we discuss the 7;(-) denoising

functions, we need to introduce state evolution.

State evolution State evolution (SE) is a deterministic recursion that tracks the per-iteration
performance of the AMP algorithm in the large system limit (m,n — oo with m/n converging
to a constant). It is similar to the density evolution recursion, which tracks the per-iteration
erasure probability of the belief propagation decoder for sparse graph error correcting codes in
the limit of large code length [79]. In particular, state evolution tracks the evolution of a mean
squared error (MSE) term 1; and an effective noise variance term 7; across iterations as follows:

initialise 19 = E[8?], and for ¢t > 0 compute

1
Tt = 02 + gwta

(1.19)
beer = E{[m(8 + v72) - B},

2 is the measurement noise variance, and the expectation is taken over the random

where o
variable 8 ~ pg, and Z ~ N(0, 1) independent of 3.

For scalar functions 7;(-) which are Lipschitz continuous and signal distributions pg, that
satisfy certain bounded moment conditions, [76, Thm. 1] shows that the per-iteration MSE of
the AMP estimate is accurately tracked by ; in the large system limit. That is, for t > 0,
almost surely?

lim |8~ By |* = E{In(8 + vAZ) - B2} = e, (1.20)

n—oo N

Interpretation of the AMP decoder At each iteration the AMP algorithm first produces
a modified residual term zf, which consists of a residual term y — AB' and an additional
“Onsager” correction term which is a function of the previous modified residual z!=!.> The
AMP algorithm then produces an effective observation term s* = 3° + A*z* which is the input
to the denoising function 7;(-). The key intuition behind the AMP algorithm is that the entries
of s! can be seen as noisy versions of the entries of the signal 3,. In particular, for index j € [n],

sz- approximately distributed as By ; + \/7:Z, where Z is a standard Gaussian independent of

“The result of [76, Thm. 1] holds for more general functions on 3" and 3, (other than the squared error
function), and only requires the empirical distribution of 3, to converge weakly to a probability measure pg, on
R with certain bounded moment conditions.

5The correction term is similar to momentum terms often found in accelerated first order optimisation algo-
rithms, e.g., Nesterov’s accelerated gradient method. However, the correction term is based on the residual term
z' and not the signal term 3° as done in momentum methods. Furthermore, the correction term has a specific
characterisation (no tuning parameters) which differentiates it from momentum methods.
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Bo,j, and 7y is the state evolution parameter given in (1.19). Therefore, the role of the n(:)
function is to estimate the signal entries {50,;};e[n) in Gaussian noise. The Onsager correction
term is crucial to the above distributional property of s’. For more intuition on its role in the
AMP algorithm, see [76, Sec. I.C].

If the prior distribution of the signal pg, is known (e.g., in communication problems where
an engineer designs the “signal”), then the estimator 7;(-) that minimises the MSE is the

conditional expectation, i.e.,
m(s)=E[B|B+V1Z=s]. (1.21)

Example: sparsity In compressed sensing applications, the signal 3, is often assumed to
be sparse and the signal recovery algorithm may not know the signal generating distribution
(or there may not be one). Let us assume that the entries of 3 are drawn i.i.d. from pg,, and
that pg, belongs to the class of distributions with sparsity ratio €, i.e., P(8p # 0) = e. The
soft-thresholding function is near-optimal for estimating such sparse signals in Gaussian noise
in a minimax sense, i.e., it achieves near minimum MSE for the worst case distribution in the
class of distributions with sparsity ratio e [80,81]. The soft-thresholding function S(s;6;) is
defined as follows:
s— 0, if s > 6,
S(s:6) =<0 if |s| < 6, (1.22)
s+ 0, if s < 6.

Using n:(s) = S(s;6;) in the AMP algorithm (1.18), we obtain the soft-thresholding AMP

algorithm:

ot — y — A,@t + ||ﬁt||0zt71
m ’ (1.23)

/BtJrl :S(ﬁt+A*2t,9t) )

Here ||z|lo denotes the {y-pseudo-norm of vector x, i.e., the number of its non-zero entries. A
suitable choice for the threshold parameters {6; };>¢ is to be proportional to the standard devi-
ation of the effective noise, i.e., 0; = a/7y for some tuning parameter o. A specific prescription
for the choice of a (that is dependent on the sparsity ratio €) is given in [77, Sec. 3].

It was proved in [72] that the asymptotic MSE of the soft-thresholding AMP algorithm
(1.23) coincides with that of the popular LASSO estimator for compressed sensing [82]:

~ . 1
Brasso = arg min Sy = AB|* + MBI, (1.24)

where the ¢; penalty term favours sparse solutions and A > 0 is a tuning parameter. This

connection opened up a new way to analyse the LASSO, e.g., the noise-sensitivity of the LASSO
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estimates [71], and also provided an algorithm to solve it (for i.i.d. Gaussian sensing matrices).

Potential function analysis and connections to MMSE estimation In addition to
being able to analyse the per-iteration error of the AMP algorithm via state evolution, the error
of the AMP algorithm at convergence (considering ¢ — oo) can be analysed via the potential
function method [83].

Consider the linear model (1.17) and the AMP algorithm (1.18) with the denoising function
n¢(-) chosen to be the minimum mean squared error (MMSE) estimator in (1.21). For this
setting, the following potential function has been proposed (up to additive constants) in many
works [54,56,74,78,84]:

2

F(6,0%,4) =1 (,B;B + \/mz) + g [m ((’ ;‘”/5) - aQQi/i/é] , (1.25)
where 6 = m /n is the measurement ratio, o2 is the measurement noise variance, and 1) is an MSE
term similar to that in state evolution (1.19). The mutual information term I(-;-) is calculated
using 3 ~ pg, and Z ~ N(0,1) independent of 5. The stationary points of this function with
respect to ¢ correspond to the fixed points of state evolution recursion (1.19). (One can verify
this via the I-MMSE relationship [85]). Hence, analysing the stationary points of the potential
function gives insight into asymptotic MSE achieved by the AMP algorithm at convergence.
In particular, when the stationary point is unique, the asymptotic MSE achieved by the AMP
(limy, o0 || B — By ||?/n) converges to the v value at the stationary point, which has been proven
to be the minimum achievable MSE [74, 76, 84]. The same works also show that when the
stationary point is not unique and the signal distribution pg, satisfies certain conditions, the
value at the global minimum of the potential function corresponds to the minimum achievable
MSE, and the largest ¢ value at a stationary point corresponds to asymptotic MSE achieved

by the AMP algorithm.
Potential functions have also been used to analyse sparse graphs codes and belief propagation
decoding, where the stationary points of the Bethe free energy correspond to the fixed points
of density evolution [83,86,87]. In Section 1.5 we will see how potential functions are a key

ingredient in analysing the performance gains obtained by spatial coupling.
Generalisations and other applications

Denoising functions In the above description of AMP, we assumed that the signal vec-
tor B3y had i.i.d. entries. This resulted in separable (scalar) denoising functions 7.(-). However,

this assumption is prohibitive in compressed sensing applications where the signal vector x

5The potential function can either be constructed explicitly to have the desired properties as done in [83], or
it can be obtained by using the (non-rigorous) replica method in statistical physics as done in [56, 78].
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represents real signals, e.g., image and audio signals. Simulation results in compressed imag-
ing demonstrate that adapting the AMP algorithm’s denoising function 7(-) to incorporate
more general signal models (e.g., Hidden Markov tree priors), or simply replacing them with
popular image denoisers such as BM3D [88], greatly improves the quality of image reconstruc-
tion [89-92]. The corresponding state evolution recursions for these AMP algorithms have been
theoretically justified for some classes of non-separable denoising functions [93-95]. When the
signal distribution or certain parameters of the distribution are unknown, several methods have

been proposed to incorporate learning or universal denoising into the AMP iteration [96-99].

Generalised linear models A generalised AMP (GAMP) algorithm and its correspond-
ing state evolution and potential function has been proposed and analysed for generalised linear
models, where the entries of the measurement vector y are obtained from A3, via a memoryless
scalar channel [64,100,101]. These models are useful for modelling non-linearities at the output.
For example, logistic regression corresponds to using the logistic function as the scalar channel
and compressive phase retrieval [102] corresponds to using the absolute value function.

In addition to the LASSO, AMP (and GAMP) can also be used to analyse the asymptotic
performance of other statistical estimation problems, including M-estimation [103], logistic re-
gression [104,105], and SLOPE [106].

Non-Gaussian matrices A crippling problem with the AMP algorithm is that it is sen-
sitive to the choice of sensing matrix A in the linear (or generalised linear) model. The accuracy
of the state evolution has only been proven for sensing matrices with i.i.d. Gaussian [76,100] and
i.i.d. sub-Gaussian entries [107]. In numerical simulations, partial Fourier and Hadamard design
matrices can be used, but state evolution recursions of the form given in (1.19) do not accurately
track the performance of the AMP algorithm for such matrices. Furthermore, when the matrix
A is ill-conditioned, the AMP (and GAMP) algorithm diverges. Hence, for problems where the
matrix A is populated with data (e.g., generalised linear regression applications), there is no
guarantee on the performance of the AMP or GAMP algorithm.

A few approaches have been considered to address this limitation. One approach is to
design different algorithms using similar principles as that used to derive the AMP algorithm.
For example, many algorithms have been obtained by using different approximations to loopy
belief propagation and free energy/potential functions [108-111]. Although simulation results
show that these algorithms are more robust to the choice of A, their convergence properties
have not yet been rigorously analysed. Another approach is to consider a larger class of random
matrices [112,113]. In [113], the vector AMP algorithm and its corresponding state evolution
was proposed. It was proven that the proposed state evolution tracks the performance of VAMP
for random matrices that are right-rotationally invariant.

Finally, one can view AMP and GAMP as optimisation algorithms and obtain convergence
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guarantees for arbitrary A matrices. In [114], the authors provided convergence guarantees
for AMP (GAMP) algorithms with added damping when the objective function is quadratic.
The optimisation algorithm proposed in [115] is motivated by (and similar to) GAMP. It has
convergence guarantees for arbitrary A matrices and strictly convex and smooth objective

functions.

Bilinear models The AMP and GAMP algorithms have also been extended to (gen-
eralised) bilinear models for applications such as sparse PCA, low-rank matrix estimation,

completion and factorisation, and dictionary learning [66,116-122].

In this thesis we use the AMP algorithm as a decoder for SPARCs (introduced in Section 1.3)
and their generalisations, and analyse the per-iteration performance of the AMP decoder via
state evolution. In particular, we show that for any rate less than the capacity, state evolution
analysis predicts that the asymptotic MSE (and section error rate) of the AMP decoder for
spatially coupled SPARCs can be upper bounded by an arbitrarily small constant after a finite
number of iterations (Chapter 2). In Chapter 3, we show that this result also extends to K-ary
PSK modulated SPARCs (either power allocated or spatially coupled) when the modulation
factor K is fixed. Furthermore, the results in [1,22,57] prove that the error performance of
the AMP decoder we propose concentrates on their corresponding state evolution predictions.
Based on the work on spatially coupled SPARCs, we also propose spatially coupled coding
schemes for many-user Gaussian MACs (introduced in Section 1.2) and use the AMP algorithm
for decoding (Chapter 4). We use state evolution and potential function analysis to show that

this coding scheme can asymptotically achieve near-optimal trade-offs.

Compressed coding Compressed coding is a scheme that uses similar AMP techniques for
communication over single-user and multiple-access Gaussian channels [123-126]. In single-user
compressed coding, a coded modulation scheme (e.g., a binary code plus PSK) is first used to
generate a code sequence B, € R", which is then used to generate the channel input sequence
x = AP, via a random “compression” matrix A € R™*". An AMP algorithm is used to
recover the code sequence 3 from the noisy channel output y = AB;+ w. (The AMP iterates
incorporate the demodulation/decoding procedures of the coded modulation scheme.) Using
state evolution and the area property of extrinsic information transfer charts, [126] showed that
the rate of compressed coding can asymptotically approach the channel capacity provided that
either a certain curve matching condition is satisfied, or spatial coupling is used. Although state
evolution is shown to track the proposed AMP decoder’s error performance via simulations, a

rigorous proof has not yet been shown.
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1.5 Spatial coupling

1.5.1 Spatial coupling in LDPC codes

Spatial coupling is a technique originally developed for low density parity check (LDPC) codes to
improve the threshold of the low complexity belief propagation (BP) decoder, which is known
as the BP threshold.” The idea of spatial coupling emerged in the context of constructing
convolutional codes using block codes [127], and in particular from LDPC codes [128]. Therefore,
spatially coupled LDPC codes are also called LDPC convolutional codes.

The idea behind spatial coupling is to couple together several regular LDPC codes in a
chain and use the same BP decoder as uncoupled regular LDPC codes. Since an LDPC code is
defined by its parity check matrix which can be represented by a sparse graph, the coupling of
LDPC codes can be represented by the coupling of disjoint sparse graphs; hence the name spatial
coupling. See Figs. 1.8 and 1.9 for a graphical representation of the coupling procedure known
as unwrapping [127,128]. Many other coupling methods exist in the literature; in particular,
the works of this thesis is inspired by protograph based spatially coupled LDPC codes [129,130].

Perhaps surprisingly, when the coupling procedure is properly terminated at the two ends
of the chain, the BP threshold of the spatially coupled LDPC code improves over that of the
underlying regular LDPC code. Furthermore, [14] proved that for the binary erasure channel
(BEC), the threshold of a spatially coupled LDPC code under sub-optimal BP decoding matches
the threshold of the underlying regular LDPC code under optimal maximum a posteriori (MAP)
decoding — a phenomenon known as threshold saturation. Take the (3,6)-regular LDPC code
for example, spatial coupling improves the threshold under BP decoding from egp ~ 0.4294 to
emap ~ 0.4882. The threshold saturation result for spatially coupled LDPC codes was later
extended to general binary-input memoryless output-symmetric channels in [15]. Since the
MAP decoding threshold of regular LDPC codes approaches the Shannon limit ((1 — rate) for
the BEC) as the variable and check node degrees tend to infinity, spatially coupled LDPC codes
with BP decoding is a practical coding scheme that is provably capacity achieving. A review
on the theory and practice of spatially coupled LDPC codes is given in [131].

An intuitive explanation for the improvement in BP threshold is as follows. Consider the
BEC for simplicity, noting that in this case BP decoding is equivalent to iteratively solving the
parity check equations to recover the erased codeword bits/symbols. Notice in Fig. 1.9¢ that
the check nodes at the two ends of the coupled graph are of a lower degree than the check
nodes in the middle (which have the same degree as the underlying (3,6)-regular LDPC code).
This allows the variables (codeword bits/symbols) at the two ends to be decoded more easily

than the variables in the middle. Therefore, the variables at the two ends can start decoding at

"In coding theory, the “threshold” is the unique channel parameter that separates decoding success and failure.
For example, consider a binary erasure channel with erasure probability € and a (3,6)-regular LDPC code with
BP threshold egp & 0.4294. For € < egp, BP decoding succeeds with high probability (for large code lengths),
whereas for € > egp, BP decoding fails with high probability.
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Figure 1.8: a) Parity-check matrix of a (3, 6)-regular LDPC block code with block length n = 10; b) the
associated (3, 6)-regular Tanner graph. The blue circles represent code bits, or variable nodes; the open
circles represent parity checks, or constraint nodes, and the darkened edges represent a cycle of length
4. Taken from Fig. 2 of [131], © 2014 IEEE.
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Figure 1.9: a) An illustration of the unwrapping procedure for a (3, 6)-regular LDPC block code; b) the
Tanner graph associated with the unwrapped (3, 6)-regular LDPC convolutional code; ¢) the terminated
Tanner graph associated with the unwrapped (3, 6)-regular LDPC convolutional code. Taken from Fig. 3
of [131], © 2014 IEEE.
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erasure probabilities above the BP threshold of an uncoupled (3,6)-regular LDPC code. Once
decoding is initiated at the two ends, a decoding “wave” propagates from the two ends until it
reaches the middle.

Due to the extra check nodes at the two ends, spatial coupling does come at the cost of
having a lower overall rate compared to the underlying uncoupled LDPC code. However, as the
coupling length (the number of LDPC codes coupled together) increases, this rate loss becomes

negligible.

Statistical physics analogy

The supercooling phenomenon — the cooling of a liquid below its freezing point without it
becoming a solid — is a useful analogy in explaining the threshold saturation phenomenon in
spatially coupled systems [65]. Under standard conditions, water freezes (crystallises) when the
temperature is lowered to 0°C; however, if the water is pure and free of nucleation sites for
crystallisation (e.g. after demineralisation), then water can be supercooled down to —48.3°C,
which is when homogeneous nucleation occurs. In between 0°C and —48.3°C, pure water gets
trapped in an amorphous (or “glassy”) state. It is the impurities in the water acting as seed
crystals that allow water to crystallise at 0°C. If a nucleation site is introduced to pure water
in between 0°C and —48.3°C, then heterogeneous nucleation initiates from the boundary of the
nucleation site and a nucleation “wave” propagates from the boundary to the rest of the liquid.

A quick search for “supercooled water” on Youtube.com gives some good examples captured on

video.
homogeneous heterogeneous
nucleation nucleation
High
Energy/ “glassy” state
Error rate
Low
T >
Water —48.3°C 0°C temperature
LDPC €EBP EMAP erasure probability
C q . 1 1 . "
ompressed sensing _— = compression ratio
Samp(Pg,) d(pg,)
SPARC Ranvp RyMse rate

Figure 1.10: Toy figure illustrating the connections between the thresholds in various random systems.
The LDPC thresholds are discussed on page 29, the (noiseless) compressed sensing thresholds in Section
1.5.2, and the SPARC thresholds in Section 1.5.3.
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Regular LDPC codes can be likened pure water in the above example, and their BP threshold
to —48.3°C. Since the parity check matrix is regular, the system is homogenous, without any
“Impurities” where decoding (crystallisation) can easily initiate. In spatially coupled LDPC
codes, the extra check nodes at the two ends act as nucleation sites introduced to the system,
from which decoding can initiate. The MAP threshold can be likened to 0°C. Furthermore,
the rest of the system away from the two ends (the “boundary”) is just like a like a regular
LDPC code without any “impurities”. Irregular LDPC codes [132] can be seen as another way
to introduce heterogeneity into the system. In Fig. 1.10, we draw a toy figure to illustrate the
relationships between LDPC thresholds and water crystallisation temperatures.

We will repeatedly refer to this supercooling analogy when giving intuitive explanations to

the workings of spatial coupling in other applications.

Threshold saturation proofs

Multiple strategies have been used to prove that the BP threshold of spatially coupled LDPC
codes “saturate” the MAP threshold of the underlying regular LDPC code. The first proof
was done via the Maxwell construction, which relates the fixed point of the coupled density
evolution (DE) to the area threshold of the underlying regular LDPC code [14,15,133]. Later
on, a strategy based on extrinsic information transfer (EXIT) charts [134] and strategies based
on potential functions [83,135] were used to provide a general proof of the threshold saturation
phenomenon in a variety of applications, such as LDPC codes and compressed sensing. These
proofs require the state of the underlying uncoupled system to be characterised by a scalar, e.g.,
the erasure probability characterises the state of density evolution.

The proof based on potential functions is the simplest of the three. The proof first constructs
a potential function whose stationary points have a one-to-one correspondence with the fixed
points of the scalar recursion corresponding to the uncoupled system. For example, in com-
pressed sensing with AMP signal recovery (introduced in Section 1.4), the potential function
in (1.25) has stationary points which correspond to the fixed points of state evolution (1.19).
It is known that the (global) minimum of such a potential function is related to the optimal
performance of the underlying system, e.g., MAP or MMSE decoding performance. Threshold
saturation is then proved by showing that the coupled recursion corresponding to the spatially
coupled system (e.g. coupled DE) has a unique fixed point that corresponds to the minimum of
the potential function.

There are deep and fascinating connections between the fundamental properties of random
systems, potential (free energy) functions, and message passing algorithms due to their connec-
tions with statistical physics. A recent survey article [136] reviews of some recent developments
in the use of statistical physics ideas in statistical inference problems. Please refer to the refer-
ences in [136] for detailed discussions on these topics.

In the following two sections, we discuss how spatial coupling has been applied to compressed
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sensing and sparse regression codes.

1.5.2 Spatial coupling in compressed sensing

Recall from Section 1.4 that in compressed sensing one aims to recover a (possibly sparse) signal
Bo € R™ from noisy random linear measurements y = A3, +w, where A € R™*" is the sensing
matrix and the noise vector w € R™ has i.i.d. N(0,0?) entries. The measurement ratio is
given by § = m/n. In the noiseless case (02 = 0), it is of great interest to find the minimum §
(maximum compression ratio) such that signal recovery is possible.

Consider compressed sensing in the setting where the sensing matrix A has i.i.d. Gaussian
entries and the signal vector B, has i.i.d. entries drawn from pg,. In this setting, when the
measurements are noiseless (02 = 0), signal recovery is lossless if and only if § > a(pgo), where
d(pg,) is the upper Rényi information dimension of the signal [137]. One can compare this with
the € < epqrap condition for successful MAP decoding of regular LDPC codes over the BEC.

However, when we consider the low complexity AMP algorithm described in Section 1.4
(using the MMSE estimator (1.21) as the denoising function), signal recovery is lossless if and
only if 6 > damp(pg,), where the AMP threshold danmp(pg,) is greater than or equal to E(pgo).
One can compare the AMP threshold to the BP threshold of regular LDPC codes. Take pg,
to be the Bernoulli-Gaussian signal distribution for example, where each entry of 3, is drawn
from a standard Gaussian with probability «, and set to zero with probability 1 — «. If we take
a = 0.2, then d(pg,) = 0.2 and Samp(pg,) ~ 0.355. Note that d(pg,) always equals the sparsity
ratio o for Bernoulli-Gaussian priors.® See Fig. 1.10 for a toy figure illustrating the connections
between thresholds in compressed sensing and LDPC codes.

The idea of using spatial coupling in compressed sensing was first proposed in [138]. Then
in [65] it was demonstrated via numerical simulations that spatial coupling can improve the
AMP threshold to near-optimal thresholds. A threshold saturation result similar to that in
spatially coupled LDPC codes was established in [139], and also included in the threshold
saturation proofs for general coupled systems [83,134]. Specifically, [139] proved that lossless
signal recovery is achieved with spatial coupling and AMP if the measurement ratio § exceeds
the theoretically optimal threshold d(pg, ). Furthermore, [139] proved that such a signal recovery
scheme is robust to measurement noise (o2 > 0).

In LDPC codes, spatial coupling involves the coupling of sparse factor graphs; in compressed
sensing, spatial coupling involves the coupling of dense factor graphs corresponding to the dense
sensing matrix A. Each factor graph has n variable nodes and m constraint nodes corresponding
to the signal entries and measurement constraints, respectively (see [77] for more details). The

resulting spatially coupled system corresponds to using a block-diagonal sensing matrix A in

8This is very surprising, it tells us that the optimal signal recovery scheme can recover the signal as if knowing
the exact locations of the non-zero entries. More specifically, the number of “extra” measurements optimal
scheme requires is sublinear in n.
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Figure 1.11: Spatially coupled sensing matrix A. Entries within the same blue block are i.i.d. zero mean
Gaussian, and entries outside the block-diagonal region (the white areas) are equal to zero. Different
shades of blue represent different Gaussian variances. Dashed lines are drawn to show how blocks in the
sensing matrix correspond to blocks in the signal vector. (Inspired by [56, Fig. 5].)

compressed sensing. An example spatially coupled sensing matrix is illustrated in Fig. 1.11,
where the entries within the same blue block are i.i.d. Gaussian, and entries outside the block-
diagonal region (the white areas) are equal to zero. Entries across blocks are independent and
can have different Gaussian variances, as illustrated by the different shades of blue.

Each block of the spatially coupled sensing matrix in Fig. 1.11 can be seen as an uncoupled
sensing matrix. The signal vector B, and noisy measurement vector y can be partitioned into
blocks that correspond to the column-blocks and row-blocks of the spatially coupled sensing
matrix, respectively. Consider the second row-block of the sensing matrix in Fig. 1.11, which
has three non-zero blocks. This means that the second row-block of y contains information
about the first three column-blocks of 3. Although many different spatially coupled sensing
matrix constructions have been proposed in the literature [56,78,124,139,140], they are all have
a block-diagonal structure, and many of them have an explicit “seed” region at the top-left
corner of the sensing matrix. In Fig. 1.11, this “seed” region is constructed by adding more
rows (measurements) to the blocks in the first row-block, which results in those blocks being
“taller” (having higher measurement ratio) compared to other blocks. The “seed” region helps
jump start AMP decoding, just like the extra check nodes at the two ends of spatially coupled
LDPC codes (see Fig. 1.9¢) help jump start BP decoding.

1.5.3 Spatial coupling in sparse regression codes

Since sparse regression codes (SPARCs) can be seen as a special case of compressed sensing
where the signal vector 3, has a section-wise i.i.d. structure (compare the beginnings of Sections

1.3 and 1.4), spatial coupling ideas and AMP decoding algorithms have been applied to SPARCs.
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AMP decoding algorithms were first applied to SPARCs in [54], and similar authors intro-
duced spatially coupled SPARCs with AMP decoding [55,56]. The authors proposed spatially
coupled design matrices for SPARCs that are of the type shown in Fig. 1.11. The analysis of
spatially coupled SPARCs under AMP decoding in these works were based on state evolution
and heuristic statistical physics methods such as the replica method. Their (not fully rigorous)
analysis showed that spatially coupled SPARCs with “flat” power allocation and AMP decod-
ing are asymptotically capacity achieving. Their numerical simulation results showed that the
error rate of spatially coupled SPARCs drops faster than that of power allocated SPARCs as
the code rate moves away from the channel capacity. Later on, the same authors made some
steps of the analysis rigorous [84,140]. In particular, they proved a threshold saturation result
similar to that for spatially coupled LDPC codes and compressed sensing, and also showed that
the optimal (rate) threshold Rypvsg of uncoupled SPARCs approaches the channel capacity as
the section size parameter M tends to infinity.? The latter result is similar to how the MAP
threshold of regular LDPC codes eyap tends to the Shannon limit as the degrees of the code
tend to infinity. See Fig. 1.10 for a toy figure illustrating the connections between thresholds in
LDPC codes, compressed sensing and SPARCs. !0

In this thesis we also consider spatially coupled SPARCs (Chapter 2). We propose a simpler
construction for spatially coupled design matrices compared to earlier works, and show that
this construction provides a unified framework to analyse both power allocated and spatially
coupled SPARCs. It even enables one to consider SPARCs that utilise both techniques simul-
taneously. Using the simpler spatially coupled construction, we provide an alternative proof to
threshold saturation to show that spatially coupled SPARCs with AMP decoding are asymptot-
ically capacity achieving. We also provide numerical simulation results to show the finite code
length performance of spatially coupled SPARCs in comparison to power allocated SPARCs
and standard coded modulation schemes.

In contrast to threshold saturation, which analyses the fundamental threshold of the system
and the fixed points of a coupled state evolution, we analyse the iteration-by-iteration perfor-
mance of the AMP decoder via a coupled state evolution. This can be likened to the static
versus dynamic analysis in physics, where the former analyses the equilibrium state of a system
(i.e., when the time index tends to infinity and the system settles down), and the latter analyses
how the state of a system evolves over time. From another point of view, our analysis involves
taking limits in a different order compared to threshold saturation. In threshold saturation, one
first takes the coupling length (the number of graphs coupled together) to infinity and then a
certain code parameter to infinity (for SPARCs it is the section size M). In our analysis we

first consider a sufficiently large section size M and then consider a sufficiently large coupling

9In the context of SPARCSs, the threshold is the parameter such that for rates less than the threshold, decoding
succeeds with high probability, and for rates larger than the threshold, decoding fails with high probability.
°Tn Chapter 2, Ramp is written as Rpp to follow the convention in the literature [56].
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length. The benefit of our analysis is that we can understand the (large M) performance of
the AMP decoder at any iteration. This allows us to understand the decoding progression in
spatially coupled SPARCs and provide an upper bound on the number of iterations required for
successful decoding. By understanding the wave-like decoding progression of spatially coupled
SPARCs, we introduce a sliding window AMP decoder which has a per-iteration complexity
that is independent of the code length.

In Chapter 4, we apply the same techniques to construct and analyse spatially coupled coding
schemes with AMP decoding for many-user Gaussian MACs. We obtain a threshold saturation
result in terms of the user error rate (fraction of user messages decoded in error) instead of the
conventional MSE, and show that our proposed coding scheme can achieve near-optimal user

density and signal-to-noise ratio trade-offs.

1.5.4 Other applications

Spatial coupling has been successfully applied in many applications. A non-exhaustive list
includes random constraint satisfaction problems in computer science [141,142], lossy compres-
sion [143], multiple access [144-147], and the Curie-Weiss model in statistical physics [148,149].
Due to the generality of the threshold saturation phenomenon, spatial coupling has also been
used as a proof technique to study difficult theoretical problems [84,150]. In these works, one
would analyse the optimal threshold of a system by analysing the fixed point of a hypotheti-
cally constructed coupled system. An overview of the applications of spatial coupling is given
in [15, Sec. IJ.

1.6 Structure of thesis

e In Chapter 2 we introduce and analyse spatially coupled (SC) SPARCs for communication
over the (single-user) AWGN channel. In Section 2.1, we introduce base matrices for the
construction of SPARC design matrices, which provide a unified framework for designing
power allocated and spatially coupled SPARCs. In Section 2.2 we introduce the AMP
decoder and the state evolution recursion that tracks the per-iteration error of the AMP

decoder.

In Section 2.3, we analyse the decoding progression of the AMP decoder for a simple
SC-SPARC construction that is defined by the coupling width w and coupling length A of
the coupled system. In particular, for the simple coupling structure and for large message
vector section sizes, we obtain an upper bound on a key state evolution parameter that
tracks the per-iteration mean squared error (MSE) of the AMP decoder, which translates
to an upper bound on the per-iteration section error rate (SER). The analysis helps
explain the wave-like decoding progression in SC-SPARCs, and shows that for any rate
less than the capacity, and sufficiently large coupling width w and coupling length A,
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the AMP decoder achieves perfect decoding (zero SER as the code length n — o) in a
finite number of iterations which is inversely proportional to the rate gap to capacity. In
Section 2.4, we use the above result together with the recent AMP concentration result
in [1, Thm. 2] to show that the probability of excess section error rate decays exponentially

in the code length n.

In Section 2.5, we provide finite code length simulation results of SC-SPARCs with AMP
decoding and compare them with power allocated SPARCs and standard coded modu-
lation schemes. In Section 2.6, we introduce a sliding window AMP decoder that takes
advantage of the wave-like decoding progression of SC-SPARCs, whose decoding latency

and per-iteration computational complexity is independent of the code length.

In Chapter 3, we introduce and analyse modulated (complex) SPARCs for communication
over the complex AWGN channel. In a modulated SPARC, information is encoded in both
the locations and the values of the non-zero entries of the message vector, with the value
of each non-zero entry chosen from a set of K values. When K = 1, we recover regular

SPARCs without modulation (introduced in Section 1.3).

In Section 3.2, we introduce modulated SPARCs with K-ary phase shift keying (PSK)
modulation and justify our choice of using PSK. We consider modulated SPARCs whose
design matrix is constructed using a base matrix (as in Chapter 2). In Section 3.3, we
introduce the AMP decoder for K-PSK modulated (complex) SPARCs and the state

evolution recursion which tracks the per-iteration error of the AMP decoder.

In Section 3.4, we analyse the error performance of the AMP decoder for modulated
SPARCs using state evolution. The main technical result (Proposition 3.4.1) gives an
upper bound on a key state evolution parameter which tracks the per-iteration MSE of
the AMP decoder, which translates to an upper bound on the per-iteration SER. Using
this bound, we show that in limit of large message vector section size, the state evolution
of K-PSK modulated SPARCs is the same for any fixed value of K, including K = 1
(unmodulated). We use this result to prove that K-PSK modulated SPARCs with AMP
decoding are asymptotically capacity achieving for the complex AWGN channel, with

either spatial coupling or exponentially decaying power allocation (Theorems 2 and 3).

In Section 3.5, we provide finite code length simulation results of modulated SPARCs with
AMP decoding and compare them with coded modulation schemes using LDPC codes from
the DVB-S2 standard [151]. The results demonstrate that using modulation in SPARCs

can significantly reduce the decoder complexity without sacrificing error performance.

In Chapter 4 we study the many-user Gaussian multiple access channel in the asymptotic
regime where the number of users L grows linearly with the code length n, i.e., both L

and n tend to infinity with user density u = L/n held constant. We are interested in
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finding the optimal asymptotic trade-off between the signal-to-noise ratio Ej/Ny and the
user density u, for a fixed target error rate and number of bits to be transmitted per user

(user payload).

In Section 4.2, we introduce coding/multiple-access schemes base on random linear models
with AMP decoding. We derive the exact asymptotic user error rate (the fraction of user
messages decoded in error) achieved by these schemes using state evolution and potential
function analysis, and find that the asymptotic achievability of a coding scheme based
on spatially coupled Gaussian matrices and AMP decoding nearly matches the converse
bound for a large range of user densities. The spatially coupled scheme can be interpreted
as generalised time-sharing: the coupling structure specifies which users are active during

each channel use.

In Section 4.3, we analyse the performance of these coding schemes as the user payload
grows large and discuss how using smaller codebooks and modulation can help avoid the

high complexity at large user payloads.

In Section 4.4, we extend our results to complex random linear coding schemes for the

complex Gaussian multiple access channel in the many-user setting.

e In Chapter 5, we summarise the work of this thesis and propose potential directions for

future research.

1.7 Notation

Table 1.1 on page 39 shows a list of the notations and acronyms used in this thesis.
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Table 1.1: Notations and acronyms used in this thesis.

Notation/acronym Description
iid. independent and identically distributed
w.r.t. with respect to
a.s. almost surely
LHS, RHS left-hand-side, right-hand-side
R The set of real numbers
C The set of complex numbers
a Scalars are usually denoted by lower case English or Greek letters
a Vectors are usually denoted by bold lower case English or Greek letters
A Matrices are usually denoted by bold upper case English or Greek letters
a; The i-th entry of vector a
A j The entry at the i-th row and j-th column of matrix A
A* The conjugate transpose of matrix A
R(2) The real part of a complex number z. If z =z + jy, then R(z) = x.
3(2) The real part of a complex number z. If z = z + jy, then J(z) = v.
z The complex conjugate of a complex number z.
Iy The N x N identity matrix
|al? The squared ¢o-norm of vector a, i.e., [|a|? ==Y, |a;|*.
In, log, Natural logarithm, base 2 logarithm, and logarithm with undefined
log Logarithm with undefined base (either unnecessary or clear from context)
1{A} Indicator function of an event A
[N] The set {1,..., N} for a positive integer N
N(p, o?) Gaussian distribution with mean p and variance o>
CN (11, 0?%) Circularly symmetric complex Gaussian distribution with

mean p and variance o

For deterministic sequences (Sp)n>0, (Zn)n>0, We write s, = O(zy,)
if % is bounded above by a strictly positive constant for all

sufficiently large n, and s,, = o(x;,) if lim,, % =0.
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Chapter 2

Spatially coupled sparse regression

codes

In this chapter we introduce spatially coupled sparse regression codes (SPARCs) for communi-
cation over the (single-user) AWGN channel. We introduce base matrices for the construction of
SPARC design matrices, which provides a unified framework for designing power allocated and
spatially coupled SPARCs (Section 2.1). We also introduce the approximate message passing
(AMP) decoder and the corresponding state evolution recursion which tracks the per-iteration
asymptotic error of the AMP decoder (Section 2.2).

In the limit of large section size M, we obtain a succinct characterisation of the state
evolution recursion. We analyse this asymptotic state evolution for a simple spatial coupling
construction that is defined by the coupling width w and coupling length A. The analysis
shows that for any rate less than the capacity, and sufficiently large coupling width w and
coupling length A, the AMP decoder achieves perfect decoding (zero section error rate as the
code length n — 00) in a finite number of iterations which is inversely proportional to the rate
gap to capacity (Section 2.3). The analysis also explains the “wave-like” decoding progression
in spatially coupled SPARCs. The asymptotic state evolution result is then refined for large
but finite section sizes M, which we use together with the recent AMP concentration result
in [1, Thm. 2] to show that the probability of excess section error rate decays exponentially in
the code length n (Section 2.4).

In Section 2.5, we provide finite code length simulation results of spatially coupled SPARCs
with AMP decoding and compare them with power allocated SPARCs and standard coded mod-
ulation schemes. Motivated by the wave-like decoding progression of spatially coupled SPARCs,
we introduce a sliding window AMP decoder in Section 2.6 whose per-iteration complexity is
independent of the code length.

In this chapter the rate and capacity terms (e.g., R and C) are given in bits for the discussion

of simulation results (Sections 2.5 and 2.6) and in nats elsewhere.
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LM

LM/C

Base matrix W

Design matrix A

Figure 2.1: A spatially coupled design matrix A is divided into blocks of size g x % There are R and
C blocks in each column and row respectively. The entries in each block of A are i.i.d. Gaussian with
zero mean and variance specified by the corresponding entry of the base matrix W. Each square in W
represents a scalar entry which specifies the variance of the entries in a block of A. The base matrix
shown here is an (w, A, p) base matrix (Def. 2.1.1) with parameters w = 3, A =7 and p = 0. The white
parts of A and W correspond to zeros.

2.1 Spatially coupled SPARC construction

As in the standard construction of SPARCs (see Section 1.3), a spatially coupled (SC) SPARC
is defined by a design matrix A of dimension n x LM, where n is the code length. The codeword
x € R" is generated by x = A3, where the message vector 3 has one non-zero entry in each of
its L sections (M entries in each section). Without loss of generality, we set the values of the
non-zero entries in 3 to 1. (We will discuss later how to incorporate power allocation into our
framework.)

In an SC-SPARC, the design matrix A consists of independent zero-mean Gaussian entries
whose variances are specified by a base matriz W of dimension R x C. The design matrix is
obtained from the base matrix W by replacing each entry W, by an (n/R) x (LM /C) block
with i.i.d. entries ~ N (0, W,./L), for r € [R], c € [C]. This is analogous to the “graph lifting”
procedure for constructing spatially coupled LDPC codes from protographs [130]. See Fig. 2.1
for an example.

From the construction, the design matrix A has independent Gaussian entries
1 . .
Ayj ~ N(o, ZW,(Z-)C(]-)>, for i € [n], j € [LM]. (2.1)

The operators r(-) : [n] — [R] and c(+) : [LM] — [C] in (2.1) map a particular row or column
index in A to its corresponding row-block or column-block index in W. We require C to divide
L, resulting in L/C sections per column block.

Recall that the non-zero entries in 3 are all set to 1. Then in order to satisfy the average
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power constraint ||| = nP (in expectation), the entries of the base matrix W must satisfy

1 R C
Rczgzgwk:fz (2.2)

The trivial base matrix with R = C = 1 corresponds to an uncoupled SPARC with “flat”
power allocation, while a base matrix consisting of a single row R = 1, C = L is equivalent to an
uncoupled SPARC with power allocation. (The power allocation is in the base matrix entries
instead of the values of the non-zero entries of 3.) For example, the exponentially decaying

power allocation in (1.12) is equivalent to choosing the base matrix values as follows:

QQC/L -1

Wie=LP 75

92O for ¢ € [L), (2.3)

where C is the capacity of the AWGN channel (in bits) given in (1.5).

We mention that the idea of constructing a power allocated or spatially coupled design
matrix from a base matrix is inspired by the construction of a irregular or spatially coupled
LDPC code from a protograph [129,130,132,152]. In the rest of this chapter, we use the following
base matrix inspired by the coupling structure of spatially coupled LDPC codes constructed

from protographs [130].

Definition 2.1.1. An (w, A, p) base matrix W is described by three parameters: coupling
width w > 1 coupling length A > 2w — 1, and p € [0, 1) which determines the fraction of power
allocated to the coupled entries in each column. The matrix has R = A+ w — 1 rows, C = A
columns, with each column having w identical non-zero entries. For an average power constraint

P, the (r,c)-th entry of the base matrix, for r € [R],c € [C], is given by

(1—p)P- A=l jfc<r<c+w-1,

Wye = (2.4)

Atw—1 :
pP - == otherwise.

It is easy to verify that this definition satisfies the power constraint in (2.2). For example,
the base matrix in Fig. 2.1 has parameters w = 3, A = 7 and p = 0. For our simulations in
Section 2.5, we use p = 0, whereas for our theoretical result (Theorem 1) we choose p to be
a small positive value proportional to the rate gap to capacity. (Choosing p = 0 causes some
technical difficulties in the proof, which can be addressed by picking a suitable p > 0.) Other
ways to construct spatially coupled design matrices can be found in [56, 78,139, 140].

Each non-zero entry in a base matrix W corresponds to an (n/R) x (M L/C) block in the
design matrix A. Each block can be viewed as an uncoupled SPARC with L/C sections (with

M columns in each section), code length n/R, and rate Ripner = W nats. Rinner is related
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to the the overall rate of the SC-SPARC R = % according to

Rne (10950 2

where the last equality holds for an (w, A, p) base matrix.

Py

Rinner =

With spatial coupling, the coupling width w is an integer greater than 1, so R < Rjuper- The
difference (Rinner — R) is sometimes referred to as the rate loss due to spatial coupling. From
(2.5), we see that rate loss depends on the ratio (w —1)/A, which becomes negligible when A is
large with respect to (w.r.t.) w. For our theoretical results, we will be interested in the regime

where L > C=A > w.

Remark 2.1.1. SC-SPARC constructions usually have a “seed” to jumpstart decoding. In
[140], a small fraction of B’s sections are fixed a priori — this pinning condition is used to
analyse the state evolution equations via the potential function method. Analogously, the
construction in [56] introduces additional rows in the design matrix for blocks corresponding to
the first row of the base matrix. In an (w, A, p) base matrix, the fact that the number of rows in
the base matrix exceeds the number of columns by (w — 1) helps decoding start from both ends.

In Section 2.3.1, we describe how AMP decoding progresses in an (w, A, p = 0) base matrix.

Remark 2.1.2. The base matrix framework described above allows one to design SPARCs
with both power allocation and spatial coupling. To do this, first construct a spatially coupled
(w, A, p) base matrix W. (Recall that each entry of the base matrix corresponds to an (n/R) x
(LM /C) block in the spatially coupled design matrix, which can be seen as an uncoupled design
matrix with L/C sections.) Then, replace each entry of the base matrix with an 1x (L/C) vector.
These vectors are obtained by multiplying the original value of the base matrix entry (possibly
zero) with a 1 x (L/C) power allocation vector (entry-wise). For example, the power allocation
vector could be the exponentially decaying power allocation in (2.3) or the iterative power
allocation scheme in [47] (with the number of sections equal to L/C instead of L). The resulting
base matrix has dimensions (A +w — 1) x L. In order for a SPARC with both power allocation
and spatial coupling to have good error performance, both the spatial coupling parameters
(coupling width and length) and the power allocation parameters (see [47]) need to be optimised.
Preliminary simulation results show that it is possible for SPARCs with both power allocation
and spatial coupling to achieve lower error rates than SPARCs with either power allocation or
spatial coupling, at rates close to the channel capacity.! We leave a thorough study of such
SPARC designs for future work.

In the remainder of the thesis, we use subscripts in sans-serif font (r or c) to denote row

!SPARCs with both power allocation and spatially coupled were considered in [56, Sec. VI] and the simulation
results showed poor finite code length error performance. This is because the code was not properly designed
and optimised.
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or column block indices. Thus, 3. € REM/C denotes the c-th column block of 8 € REM | for
ce[C].

2.2 AMP decoder

Since the SC-SPARC codeword is € = A3, the AWGN channel output y € R” can be repre-
sented as
y=A0+w, (2.6)

where the noise vector w € R™ has i.i.d. N'(0,0?) entries. The SC-SPARC decoder aims to
recover the message vector 3 from the channel output y. The design matrix A and the base
matrix W are known to the decoder.

In this thesis we consider an approximate message passing (AMP) decoder for SC-SPARCs
(see Section 1.4 for an introduction to AMP algorithms). The AMP decoder for SC-SPARCs
can be derived using an approach similar to the one for uncoupled SPARCs [22, App. A],
with modifications to account for the different variances for the blocks of A specified by the
base matrix. It can also be derived from AMP algorithm for spatially coupled compressed
sensing [139] after accounting for the section-wise prior of the message vector.

The AMP decoder iteratively generates message vector estimates (' at iterations t =

0,1,2,... as follows: initialise 3° to the all-zero vector, and for ¢ > 0 compute
2=y - AR+ 02, (2.7)
~t %
B =1'(8"+(Q © A)2"). (28)

Here ©® denotes the Hadamard (entry-wise) product and A* denotes the transpose of matrix
A. The vector ©' € R", the matrix @t € R™ML " and the denoising function n'(-) are defined
below in terms of the state evolution parameters. Quantities with negative iteration indices are
set to zero. After some rescaling and simplification, the AMP decoder proposed for SC-SPARCs
in [56] is equivalent to the one shown above.

When the AMP decoder reaches the maximum allowed iteration number or an early stopping
criterion (described in a later section), we take the latest estimate of 3, and set the largest entry

in each section to 1 and the remaining entries to 0 to obtain the decoded message vector /@l

State evolution Given a base matrix W, state evolution (SE) is a deterministic recursion
that iteratively defines a sequence of scalars (¢}),er) and (¢%)ce(c), for t > 0. Initialise 2 =1

for c € [C], and for t = 0,1, ..., compute

C
1
=g 2 Weee, o = 0%+, re R, (2.9)
c=1
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7t = R
¢ InM

-1
1 Wrc
e ] : Hl=1-&(7), celq, (2.10)

where £(7l) is defined with Uy, ..., Uy Lig N(0,1) as

E(thH =E IV (2.11)
T.) = . :
UL/NTE | =1/ M Ui/ VT

J

SE parameters in the AMP decoder For t > 1, the vector ©' € R in (2.7) and the
matrix @t € R™EM i (2.8) have a block-wise structure (indicated by the tilde), with entries
defined as follows. For i € [n],j € [LM],

t t
s ~ Tt
o= =9 (2.12)
¢r(i) r(4)
where we recall that r(i) and c(j) denote the row block index of the i-th entry and the column
block index of the j-th entry, respectively. The vector Y is defined to be all-zeros.
Using (2.12) in (2.8), one can also write the update equation for B! in the AMP decoder

as follows,
gt = (ﬂt +7'0 [A*<(<75t)_1 ® zt)D, (2.13)

where the vectors 7% € RXM and $t € R” have a block-wise structure, with entries 7~']t = Tf(j)

and ¢! = gbf(i) for i € [n],j € [LM]. The vector (at)_1 denotes the element-wise inverse of a&t.
This version of the update equation is used in implementation of the AMP decoder due to its
lower computational complexity compared to (2.8).
The denoising function n* = (nt,...,n%,,) : REM — RIM iy (2.8) is defined as follows, for
j € [LM]. For index j in section ¢ € [L], with section ¢ in column block ¢ € [C],
eSi/Te

t
1j(s) = 7 (2.14)
’ Zj’Esec(f) € x

where sec({) := {({ — 1)M + 1,...,0M} refers to the set of indices in section ¢. We note that

n?(s) depends on all the components of s in the section containing j.

Interpretation of the AMP decoder and state evolution The input to n(-) in (2.8),
denoted by s, can be viewed as a noisy version of true message vector 3. Consider an index
j in section ¢ € [L] which belongs to column block ¢ € [C]. Recall that 3, € RM is section
¢ of the message vector, and let sz denote section ¢ of the input vector to n(:). Then, sz is
approximately distributed as 3, + \/7'>§Z ¢, where Z, € RM is a standard normal random vector

independent of B3,, and the effective noise variance 7! is given by (2.10). Under the above
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Figure 2.2: Normalised mean squared error % versus column block index ¢ € [C] for several AMP

decoding iterations of an SC-SPARC. The SC-SPARC is constructed with an (w = 6,A = 32,p = 0)
base matrix and has the following parameters: R = 1.5 bits, M = 512, L = 2048 and n = 12284. The
channel capacity is C' = 2 bits. The solid lines are the state evolution predictions from (2.10), and the
dotted lines are the average NMSE over 100 instances of AMP decoding.

distributional assumption, the denoising function 17;- in (2.14) is the minimum mean squared

error (MMSE) estimator for g;, i.e.,

W(s) =E[8; | B+ VTl Zo=sf],  forje [LM], (2.15)

where the expectation is calculated over and Z, ~ N (0,I,;) and 3,, which is uniformly dis-
tributed over the M vectors with a single non-zero entry equal to 1. Moreover, ¢! in (2.10)

of the state evolution recursion corresponds to the MMSE value, i.e.,
2 2
o —u{ oo (o+ v 2|} =E{ o~ B[pet e+ V2T @19

Due to the above distributional property of the input vector to n'(-), the AMP estimate of the
message vector 371, which is the output vector of nt(-), achieves a (block-wise) normalised mean
squared error (NMSE) that can be predicted by the 1f*1’s of state evolution, i.e., ”ﬂgl%cﬁc'g =
P+ for ¢ € [C]. This is illustrated in Fig. 2.2. In Fig. 2.2 we also observe that as the AMP
iterates, the reduction in NMSE propagates from the blocks at the two ends towards the blocks
in the middle. This phenomenon can be explained using the state evolution analysis in Section
2.3.

The vector 2! in (2.7) is a modified residual vector, consisting of the residual y — A3" and
an “Onsager” correction term o' ® 2/~1. The entries of the modified residual 2z’ in (2.7) are

approximately Gaussian and independent, with the variance determined by the block index.
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For r € [R], the SE parameter ¢! approximates the variance of z¢, the r-th block of the residual.
The Onsager term arises naturally in the derivation of the AMP algorithm, and is crucial for
the Gaussian distributional properties mentioned above. For intuition about the role of the
Omnsager term, see [76, Sec. I-C] and [139, Sec. VI].

The key difference between the AMP decoder and state evolution for SC-SPARCs and that
for uncoupled SPARCs [22] is that for SC-SPARCs, the variances of the effective observation
and the residual depend on the column- and row-block indices, respectively. These variances

are captured by {Tct}ce[q and {(ﬁf}re[R]

2.2.1 The error performance of the AMP decoder

The performance of a SPARC decoder is measured by the section error rate (SER) — the

fraction of sections decoded in error. It is defined as

~

SER := % Z 1 {Bsec(f) 7é Bsec(Z)} ) (2'17)

(=1

where 1{-} is the indicator function, Be.(s) € RM is the ¢-th section of the message vector, and
Bsec(e) is the AMP decoder’s estimate of that section (after the final hard-decision step).
If the AMP decoder is run for T iterations, the section error rate can be bounded in terms
of the squared error |37 — B||? as follows, where 87 is the AMP decoder’s estimate after T
iterations (without the hard-decision step). Since the unique non-zero entry in any section
sec(

¢ € [L] of B equals 1 and Bsec(f) 7 Baec(ry implies that the corresponding element of B ) 18
less than or equal to 1/2,

- 1
Bsec(Z) 7é ﬁsec(é) = H,Bsec Bsec(f)”% > Z (2'18)

We recall that 3. € REM /€ corresponds to the c-th column block of the message vector. There

are % sections in B, with the non-zero entry in each section being equal to 1; we denote by 3,

the (-th of these sections, for £ € [L/C|. Then, (2.18) implies

L c L/C
SER = % Z I[{/Bsec(f) # BSEC(E Z Z {'BCZ 7 IBCZ}
c=1 /=1

c L/C C T 1
)DL [N Z e /fc”2] —a|zle"-e|. )
1¢=

1

c=

Due to (2.19), an upper bound on the normalised mean square error (NMSE) |37 — BHQ/L
will provide an upper bound on the section error rate. Furthermore, [1, Thm. 2] proved that
the NMSE concentrates on 25:1 L' /C for large (n, L), where {w{}ce[q are the state evolution

parameters in (2.10). In the next section, we obtain bounds on {¢¢}ccic] and understand the
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decoding progression of the AMP decoder by analysing the state evolution recursion.

2.3 Decoding progression according to state evolution

In this section we analyse the NMSE achieved by SC-SPARCs with AMP decoding via the
state evolution recursion. We derive bounds for the state evolution parameters {1 }c(cj which
lead to a succinct asymptotic characterisation of state evolution (as section size M — o0). In
Section 2.3.1, we consider the asymptotic state evolution for (w, A, p = 0) base matrices. Our
asymptotic state evolution analysis helps to explain the decoding progression illustrated in Fig.
2.2 and why SC-SPARCs with AMP decoding are asymptotically capacity achieving. Then in
Section 2.3.2, we refine our results for large but finite values of M and small but positive values
of p.

The following lemma provides lower and upper bounds the state evolution parameters
{1t} ce() which predict the block-wise NMSE of the AMP decoder.

Lemma 2.3.1 ([1, Lem. 4.1]). Let W € RRXC be a base matriz having row and column averages
that are bounded above and below by strictly positive constants. That s, there exist constants

KL, ku > 0 such that

Let

1 g
oo B =) Wi (2.20)

T rimM ~ R& 4}

For sufficiently large M and any § € (0, 3), 6 e (0,1),

—ké2

(1 - M—klsQ) 1{vi < (2-0)R} < ¢t <1- (1 —

) 1{v! > (24 6)R}, ce[C],
(2.21)

where k, k1 are positive constants depending only on k1, and Ky .

Asymptotic state evolution Noting that ! € [0, 1], Lemma 2.3.1 implies the following

asymptotic state evolution recursion as M — oco. Initialise Y0 = 1, for ¢ € [C], and for
t=0,1,2,...,
1 &
o=’ + c > Wi, r € [R], (2.22)
c=1
- 1 |44
A | {R > &ZC < 23} ., celq, (2.23)
r=1 7F



where ¢, indicate asymptotic values as M — oo.

The term 7% := & >°.(Wi/@!) in (2.23) represents the average signal to effective noise ratio
for the column block index c after iteration ¢. If this quantity exceeds the threshold of 2R, then
the c-th column block of the message vector, 8., will be decoded in the next iteration in the

Tl _

T 0. If we terminate the AMP decoder at iteration 7', we want

large system limit, i.e.

I =0, for all ¢ € [C], so that the entire message vector is decoded correctly.

Remark 2.3.1 (BP threshold). For rates R smaller than the belief propagation (BP) threshold

snr

T’ (2.24)

RBP =

where snr = P/o?, one does not require power allocation or spatial coupling for reliable SPARC
decoding. Indeed, consider a standard uncoupled SPARC where the 1-by-1 base matrix is a
single entry equal to P. Using the asymptotic state evolution recursion (2.22)-(2.23), we see

that if R < Rpp, then the whole message vector decodes in one iteration, i.e., 1" = 0.

2.3.1 Asymptotic analysis

The asymptotic SE recursion (2.22)—(2.23) is given for a general base matrix W. To get some
insight into the decoding progression, we specialise the result to the (w, A, p = 0) base matrix
introduced in Definition 2.1.1. Recall that an (w, A, p = 0) base matrix has R = A +w — 1 rows

and C = A columns, with each column having w non-zero entries each equal to P - %

Corollary 2.3.1. The asymptotic state evolution recursion (2.22)—(2.23) for an (w,A,p = 0)

base matriz is as follows. Initialise 90 =1, for c € [A], and fort=10,1,2,...,

_ DP
t 2 t
= i A -1 2.2
=0+ ;w re[d+w-1], (2.25)
Pc+w71 1 B
DI o1 <2R),  ce[A] (2:20)
where ¥ = %, and
(1, r) if 1<r<w
(chE) =S (r—w+1,n if w<r<A (2.27)

(r—w+1,A) if A<r<A+w-1

Proof. Substitute the value of Wy, from (2.4), with p = 0and C = A, R=A+w—1in
(2.22)-(2.23). 0

Observe that the ¢!’s, 7!’s, and ¥!’s are symmetric about the middle indices, i.e., ¢! = ¢k 41
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R - - 7 7 C
for r < [§] and #f = 0f_ 4, L = Vg _ 4 for c <[5

Decoding initialisation

Consider the initial step (t = 0): from (2.25) the value of ¢? depends on the number of non-zero
entries in row r of W, which is equal to ¢, — ¢, + 1, with &, ¢, given by (2.27). Therefore, ¢?
increases from r = 1 until r = w, is constant for w < r < A, and then starts decreasing again for
A<r<A+w—1. Asaresult, 1! is smallest for c at either end of the base matrix (c € {1,A})
and increases as ¢ moves towards the middle, since the 70 = Zfié”—l(gz_b(g)_l term in (2.26) is
largest for ¢ € {1, A}, followed by c € {2, A — 1}, and so on. Therefore, we expect the blocks of
the message vector corresponding to column block index ¢ € {1, A} to be decoded most easily,
followed by c € {2, A — 1}, and so on. Fig. 2.2 shows that this is indeed the case as the blocks

of the message vector at the two ends decode first.

Rates below the BP threshold Since the noise variance ¢V is highest (and constant) for
w < r < A, the average signal to noise ratio 70 is lowest (and constant) for column block indices
w < c < A—w+ 1. Therefore, all column blocks of the message vector to decode in the first
iteration ()¢ = 0 for ¢ € [A]) if 7Y > 2R. We now obtain a lower bound on 7, to get a sufficient

condition for all column blocks to decode in the first iteration.

1
7 =""% > S (2.28)

R L CET RS R Ty

r=w

where snr = P/o?. The inequality holds because (¢, — ¢, + 1) < w from (2.27), and becomes an

equality if A > 3w — 2. Therefore, if the rate satisfies

R < o (2.29)

(1+9snr)’

then all column blocks of the message vector to decode in the first iteration. Note that

snr
2(1+9 snr)

(see Remark 2.3.1).

< Rpp, and recall that for rates less than Rpp, there is no need for spatial coupling

Rates above the BP threshold For rates greater than Rgp and A > 3w — 2, we know that
it is impossible for all column blocks of the message decoder to decode in the first iteration
by using the same arguments as above. In order for any column block to decode, we require
) > 2R since 70 is largest for ¢ € {1,A} and ) = _R due to symmetry. We now obtain a lower
bound on #¥ to get a sufficient condition for decoding to start. For column block index ¢ < w,

we have
29 snr

w—1 .
_o snr 1 C (i) 1/ w v 1 C snr
ve w( 1—1—19;'”r+1+195nr> 9 Josr. 14z m+w(1+195nr)

r=c
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1 1 c C snr
= —In(1 — —1 1 — _——

3 n(1+ ¥ snr) 9 n( —|—19snrw) +w(1—|—79$nr)
(i) 1 c C snr 1 c  Ysnr?

T n(1 49 = - = T Iln(1+9 _ 2.
>3 n(1 + 9snr) wsnth(l—H?snr) 3 n(1+ Jsnr) o+ o)’ (2.30)

where (i) is obtained by using a definite integral to lower bound the left Riemann sum of the

positive decreasing function and (i) from Inz < z — 1. Therefore, a sufficient condition

1
14+x°
for 79 > 2R is

1
R < 29 In(1 + ¥snr), (2.31)
9 snr? 1 -1
— | — 1 — . .
w > 2(1+195nr)<2191n( + J'snr) R> (2.32)

If the above conditions are satisfied, then (at least) the first and last column block of the
message vector decodes, i.e., 1] = 1} = 0. Note that the right-hand-side (RHS) of (2.31) can
be made arbitrarily close to the channel capacity C' by making “’T_l small enough (recall that
¥ =1+ 271). Indeed, since the RHS of (2.31) is decreasing in ¥ for ¥ > 1, we have

1 C
C > %ln(l + Jsnr) > 9 (2.33)

Therefore, the term in the brackets in (2.32) can be seen as a rate gap to capacity term, and

the requirement on the coupling width w is inversely proportional to this gap.

Remark 2.3.2 (Choice of base matrix parameters). For any fixed rate R < C' = 3 In(1 + snr),
the base matrix parameters (w,A) can be chosen such that the conditions in Egs. (2.31)-(2.32)
are satisfied. Indeed, consider a rate R = C/1y, for any constant 9 > 1. Then choose w to
satisfy (2.32) (with ¥ replaced by v¥p), and A large enough that 9 = % < 9. Therefore, for
any fixed rate R < C' and suitably chosen base matrix parameters (w, A), the AMP decoder can
start successfully decoding the message vector in the limit of large (n, L, M) (whilst satisfying
nR = LlnM).

Decoding progression

From the “Decoding initialisation” section above, we know that if R < Rpp, then all column
blocks of the message vector decode in one iteration. In this section we explain the decoding
propagation phenomenon seen in Fig. 2.2 for rates between the BP threshold and the channel
capacity C, assuming that A > 3w — 2.

From the section above, we know that if R > Rpp, then fewer than w column blocks (from
each end) of the message vector decode in the first iteration. Furthermore, if R < C and
the base matrix parameters (w,A) are appropriately chosen (Remark 2.3.2), then at least one

column block (from each end) of the message vector decodes in the first iteration. We now find
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all the column block indices ¢ < w that decode in the first iteration for these choices of R and
(w, A), i.e., the indices ¢ < w for which ¢} = 0, or equivalently 70 > 2R. Using the lower bound

on 70 for ¢ < w given in (2.30), a sufficient condition for 70 > 2R is

2(1+9snr) (1
g =w:- ——— | — In(1 — . 2.34
c<g=w T2 <219 n(1+ Jsnr) R) (2.34)
Therefore, all column blocks whose index satisfies ¢ < g (and ¢ > A — g + 1) will decode in
the first iteration, i.e., 1)l = 0. Note that 1 < § < w due to the condition on w in (2.32) and
because R > Rgp > %.

We next consider subsequent iterations ¢ > 1. Assume towards induction that
YL=1\_cy1 =0 for c < tg, (2.35)

We will prove that (2.35) implies ¢! = ﬁ\tlcﬂ = 0 for c < (t 4+ 1)g, i.e., in each iteration
at least |g| additional column blocks from each end of the message vector decode. We find
the column block indices ¢ € (tg,tg + w) for which ¥{*! = 0, or equivalently 7! > 2R. The
same analysis applies to the indices at the other end due to symmetry. Using the induction

assumption (2.35) in the asymptotic state evolution (2.25)—(2.27), we have

B 1, r <tg,

o <1480 (e —tg), g tg (2.36)

oz S 1+ (r—tg), tg<r<ig+uw, :
1+ ¥snr, r>tg+w.

We now obtain a lower bound on ¢ for ¢ € (tg,tg + w) using the same steps as (2.30).

,t>ﬂ tgi_l 1 n c—1tg _shr Lf 1 n c—1tg
‘T w 1+ 95 (r—tg)  14+9snr) W 1+ 980y © 1+ dsnr

r=c r=c—tg

c—tg Usnr?
w (L+9snr)’

> %ln(l + Ysnr) — (2.37)
Therefore, for column block indices ¢ € (tg,tg + w), a sufficient condition for ¥!*! = 0, or
equivalently 7! > 2R, is ¢ < (t + 1)g. We thus conclude the proof by induction.

The above analysis implies that for rates satisfying Rpp < R < C' and appropriately chosen
base matrix parameters, all column blocks of the message vector decode in at most [A/(2g)]
iterations. Since g is proportional to the ‘rate gap to capacity’ term % In(1 4+ ¥snr) — R, this
upper bound on the number decoding iterations increases as the rate approaches the channel

capacity.

Remark 2.3.3 (Power allocated SPARCs). One can analyse the decoding progression of AMP

decoded power allocated SPARCs in a similar way by substituting the corresponding base
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matrix of the power allocation scheme into the asymptotic state evolution (2.22)—(2.23). See [22,
Lemma 2| for the asymptotic state evolution analysis of the decoding progression of a SPARC

with exponentially decaying power allocation (2.3).

Decoding velocity The wave-like decoding propagation in Fig. 2.2 has a roughly constant
decoding velocity, i.e., roughly the same number of column blocks decode every 5 iterations
until the two decoding waves “merge” and “collapse” near the middle. In our analysis above,
we showed that at least |g| additional column blocks from each end of the message vector
decode in each iteration. In order to prove the decoding velocity is roughly constant, we require
an upper bound that is of the same order as g. We expect this to be the case, but have not yet
proved it.

This wave-like decoding propagation also occurs in spatially coupled LDPC codes decoded
with belief propagation. The propagation of the LDPC decoding wave (in the large system
limit) was studied in [153].

2.3.2 Non-asymptotic analysis

In Section 2.3.1, we analysed the decoding progression of the AMP decoder for SC-SPARCs
based on (w,A,p = 0) base matrices in limit of M — oco. In this section, we consider the
decoding progression for (w,A,p) base matrices where p can be a small positive value, and
refine the previous analysis to account for large but finite values of M using Lemma 2.3.1. This
non-asymptotic result (Proposition 2.3.1) will be used to establish the result that SC-SPARCs
with AMP decoding are asymptotically capacity achieving in the next section.

We need to analyse the p > 0 case because the analysis that shows the NMSE of the AMP
decoder concentrates around the state evolution prediction only holds for base matrices with

entries that are lower bounded by a strictly positive constant [1, Thm. 2].

Proposition 2.3.1. Consider a rate R SC-SPARC with an n x LM design matriz constructed
using an (w, A, p) base matriz and consider a constant § € (O,min{%, %}), where 0 < p <

min{%ﬂr, %}, and

1
A= 29 In(1 + Isnr) — R. (2.38)
If the rate satisfies R < %, then all the column blocks of the message vector

simultaneously decode in one iteration, i.e., for all ¢ € [A],

M—k52
ovin M

for sufficiently large M, where k > 0 is a universal constant.

Otherwise, if the rate satisfies % <R< % In(1+4 9 snr), and the coupling width w

e < fars = (2.39)
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satisfies

9 snr 1
T o~ 2.40
w><1+195nr) A’ (2.40)
then, fort > 1 and
A
¢ < max {tg, {2—‘ } , (2.41)
where (L4 95
1+ snr
9= "9 (2.42)
we have
Ve = Yhoenr < fus (2.43)

for sufficiently large M.

The proof of this proposition is given in Section 2.7.

Decoding progression

The discussions made in Section 2.3.1 concerning decoding initialisation and decoding progres-
sion also hold for the non-asymptotic setting considered here with slight modifications.

For example, for rates larger than the BP threshold, the proposition says that if the coupling
width w is large enough (as specified by (2.40)), then in iteration ¢ at least the first and last
|tg| column blocks from each end of the message vector are expected to decode, i.e., have their
state evolution predicted NMSE less than or equal to fys. Furthermore, the proof shows that
if g; < A/2 is the exact number of column blocks such that ! = ¢f\—c+1 < fm, for ¢ < g, then
gi+1 > gt + g/, ie., in each iteration at least |g| > 1 additional column blocks of the message
vector from each end are expected to decode.

This decoding progression continues until iteration T° when all column blocks have been
decoded, i.e., p! < fus for c € [A]. More precisely, we run the AMP decoder for T iterations
where

T :=min{t : Y. < fars for c € [A]}. (2.44)

Proposition 2.3.1 implies that for rates larger than the BP threshold

T < Lﬂ . (2.45)

We note that g is proportional to A, which represents the rate gap to capacity (see (2.33),
(2.38)). Therefore, from (2.45) the number of iterations 7' grows as the rate approaches the
channel capacity. For a fixed R the quantity fass tends to 0 with growing M.
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2.4 Probability of excess section error rate

Proposition 2.3.1 shows that for any R < C, suitably chosen base matrix parameters (w, A, p),
and sufficiently large M, the state evolution predicted NMSE achieved by AMP decoding after a
finite number of iterations can be upper bounded by a term (fys5) that can be made arbitrarily
small by increasing M. Using Proposition 2.3.1 with the the result in [1, Thm. 2] where the
NMSE of the AMP decoder is shown to concentrate on the state evolution estimates, and the
fact that NMSE provides an upper bound on the section error rate (see (2.19)), we obtain a

bound on the probability of the section error rate exceeding some fixed € € (0,1).

Theorem 1. For any rate satisfying Rpp < R < C, let W € Rﬁxc be an (w, A, p) base matrix
with parameters chosen such that R < % In(1+9 snr), where ¥ = 1+ “’Tfl, and w is large enough
that the condition in (2.40) is satisfied, and p = min{%ﬂr, 1}, where A is defined in (2.38). Let
Sn be an SC-SPARC of rate R defined via an n X LM design matrixz constructed using the base
matrix W. The parameters (n, L, M) satisfy nR = Lln M.

Fiz e € (0,1), and for fars defined in (2.39), let M be large enough such that fars < § for
0 = min{%, %} Then the section error rate of the AMP decoder after T iterations, with T
defined in (2.44), satisfies

—RT— ’rl€2
P (SER(S,) > ¢) < Kr_1(RO)T exp (6 i M)gT (1R /w)2T1>' (2.46)

For t > 0, the constants ry and K; are given by r; = [€2(t1)*]7! and K; = Z2(t))'* where
&,2 > 0 are universal constants (not depending on the AMP parameters (L, M,n,R, C) or €),
but not explicitly specified.

Proof. Without loss of generality, we can assume that rate gap A (defined in (2.38)) satisfies
A < 2R. Otherwise the arguments below hold with (A/R) replaced by 1.

For the choice of base matrix parameters (w,A,p) stated in Theorem 1, we have that
3wl < fu,ay@r) (from Proposition 2.3.1). The AMP concentration result in [1, Thm. 2]
implies that for any € > 0,

T 2 B -2
(”/3 —OI7 56 fM7§%> < Kr 1 (RO)T exp ((m M)’;f(—é;“;)ﬂl) (2.47)

Furthermore, from (2.19) we have

P(SER(S,) > ¢) < (Hﬂ Lﬁ! Z) (2.48)

Combining (2.47) and (2.48), and taking € = ¢ and M large enough so that fi; a,3r) < § (see

(2.39)) yields the theorem.? O

2T would like to emphasize that my contribution to the proof of Theorem 1 is the state evolution analysis in
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Remark 2.4.1. Theorem 1 implies that for any fixed R < C and € € (0, 1), one can construct
a sequence of rate R spatially coupled SPARCs {S,} (indexed by code length n) for which

lim SER(S,) =0 almost surely. (2.49)

n—oo

Indeed, once (A,w, M) are chosen to satisfy the conditions in Theorem 1, the bound in (2.46)
decreases exponentially in n. The Borel-Cantelli lemma then yields the asymptotic result in
(2.49).

Remark 2.4.2 (Below the BP threshold). Theorem 1 is stated for rates satisfying Rgp < R < C
as this is the region where spatial coupling is required. Indeed, for R < Rgp, Proposition 2.3.1
and the proof of Theorem 1 imply that the probability bound (2.46) holds with R=C=w =1
and T" = 1. This result also follows from the analysis in [57], applied with a “flat” power

allocation.

2.5 Empirical performance

In this section, we investigate the finite length error performance of SC-SPARCs with AMP
decoding via numerical simulations. We use the (w, A, p = 0) base matrix construction in all
the simulations. The implementation details will be given after the discussion of the simulation

results.

SC versus non-SC SPARCs In Fig. 2.3 we compare the average section error rate (SER)
of SC-SPARCs with standard (non-SC) SPARCs. The SC-SPARCs are constructed with an
(w=6,A =32,p =0) base matrix. The standard SPARCs either have “flat” power allocation
(red) or power allocation optimised using the iterative power allocation algorithm proposed
in [47] (green). The signal-to-noise ratio P/a? = 15 (capacity C = 2 bits), section size M = 512,
and number of sections L = 1024 are fixed while the rate of the codes are varied by varying
the code length n. For each rate, the code length is the same for all three codes, and AMP
decoding is used for all codes.

Comparing standard SPARCs with “flat” power allocation (PA) to SC-SPARCs, we see that
spatial coupling significantly improves the error performance: the rate threshold below which
the SER drops steeply to a small value is a lot higher for SC-SPARCs. Comparing standard
SPARCs with iterative PA to SC-SPARCs, we see that at rates close to the capacity, standard
SPARCs with iterative PA have lower SER than SC-SPARCs. However, as the rate decreases,
the drop in SER for standard SPARCs with iterative PA is not as steep as that for SC-SPARCs.

Section 2.3. The AMP concentration result in (2.47) was done by Ramji Venkataramanan and Cynthia Rush,
and will not be discussed in this thesis.
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Figure 2.3: Average SER versus rate at snr = 15, C' = 2 bits, M = 512, L = 1024, and n € [5100, 7700].
The SERs are averaged over 10* trials. Plots are shown for standard (non-SC) SPARCs with “flat” (red)
and iterative (green) power allocation, and SC-SPARCs constructed with an (w = 6, A = 32, p = 0) base
matrix (blue). For each rate, the code length is the same for all three codes, and AMP decoding is used
for all codes. The dotted vertical lines indicate that no section errors were observed over 10% trials at
smaller rates.

Effect of the coupling width w In Fig. 2.4, we investigate the effect of the coupling width
w on the error performance. Fig. 2.4 compares the average SER of SC-SPARCs with (w, A =
32, p = 0) base matrices and varying w. For a fixed A, we observe from (2.5) that a larger w
results in a larger inner SPARC rate Rinner when the overall SC-SPARC rate R is fixed. A
larger value of Rjnner makes decoding harder; on the other hand, increasing the coupling width
w helps to jumpstart AMP decoding (Remark 2.1.1). Thus for a fixed rate, there is a trade-off
as illustrated in Fig. 2.4: increasing w improves the SER performance up to a certain point, but
the performance degrades for larger w. In general, w should be large enough so that coupling
can benefit decoding, but not so large that Riyner is very close to the channel capacity. For
example, for R = 1.6 bits and A = 32, the inner SPARC rate Rinner = 1.65,1.75,1.85,1.95 bits
for w = 2,4,6,8, respectively. With the capacity C' = 2 bits, Fig. 2.4 shows that w = 6 is the
best choice for R = 1.6 bits, with w = 8 being noticeably worse. This also indicates that smaller

values w would be favoured as the rate R gets closer to C.

SC-SPARCs versus coded modulation We now compare the performance of SC-SPARCs
with that of standard coded modulation schemes such as LDPC codes with quadrature am-
plitude modulation (QAM). Since these standard schemes produce complex-valued symbols,
we consider communication over the complex AWGN channel, where the noise is circularly-
symmetric complex Gaussian. A complex SC-SPARC is defined in the same way as a real-valued

SC-SPARC (Section 2.1), except the design matrix has independent circularly-symmetric com-
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Figure 2.4: Average SER versus rate at snr = 15, C = 2 bits, M = 512, L = 1024, and n € [5100, 6200].
The SERs are averaged over 10* trials. Plots are shown for SC-SPARCs with an (w, A = 32, p = 0) base
matrix and coupling width w taking values in {2,4,6,8}. For each rate, the code length is the same
for different w values. The dotted vertical line indicates that for w = 6 and 8, no section errors were
observed over 10* trials at R = 1.5 bits.

plex Gaussian entries instead of real-valued Gaussian entries. The AMP decoder for complex
SC-SPARC:s is similar to the one in (2.7)—(2.8): we take A* to be the conjugate transpose of
A, and modify the definition of 7]3’» in (2.14) according to (2.15). Complex SC-SPARCs and its
AMP decoder are described in detail in Chapter 3.

In Figures 2.5, 2.6, and 2.7, we provide numerical simulation results demonstrating the finite
length error performance of complex SC-SPARCs with AMP decoding at different code rates
and code lengths. The error performance is evaluated using both the bit error rate (BER) and
the frame error rate (FER). (The FER is the message/codeword error rate.) We also simulate
and plot the error performance of coded modulation schemes (LDPC + QAM) for reference
using the AFF3CT toolbox [154]. The LDPC codes are chosen from the DVB-S2 standard [151]
and a belief propagation (BP) decoder is used which runs for 50 iterations. For fair comparison,
in each figure, the frame length of the coded modulation scheme is chosen to be close to the
code length of the SC-SPARC.

Fig. 2.5 shows the performance of SC-SPARCs with rate 1.5 bits/dimension and code length
n = 10795. The AMP decoder for the SC-SPARC is run for a maximum of 200 iterations (details
in Sec. 2.5.1). The coded modulation scheme uses a rate 3 (32400, 64800) DVB-S2 LDPC code
with 64-QAM modulation, for the same overall rate of 1.5 bits/dimension and a frame length
of 10800 symbols. We observe that the SC-SPARC requires a smaller Ej /Ny to achieve BERs
in the range 10! to 107, and FERs down to 5 x 104 compared to the coded modulation
scheme. However, for much lower FERs, we expect the coded modulation scheme to require a

smaller E}/Ny because its frame error rate drops faster as Fj /Ny increases.
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Figure 2.5: Error performance of complex SC-SPARCs defined via a (w = 4, A = 32, p = 0) base matrix.
Code parameters: R = 1.5 bits/dimension, L = 2944, M = 2048, code length n = 10795. The dashed

lines show the performance of coded modulation: (K = 32400, N = 64800) DVB-S2 LDPC + 64 QAM,
frame length = 10800 symbols. The solid black line in the BER plot is the AWGN Shannon limit for

R = 1.5 bits/dimension, and in the FER plot, it is the normal approximation to the AWGN finite length
error probability bound in [34].
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Figure 2.6: Error performance of complex SC-SPARCs defined via an (w = 6, A = 32, p = 0) base matrix.

Code parameters: R = 1.6 bits/dimension, L = 960, M = 128, code length n = 2100. The dashed lines

show the performance of coded modulation: (K = 6480, N = 16200) DVB-S2 LDPC + 256 QAM, frame
length = 2025 symbols. The solid black line in the BER plot is the AWGN Shannon limit for R = 1.6

bits/dimension, and in the FER plot, it is the normal approximation to the AWGN finite length error
probability bound in [34].

Fig. 2.6 shows the performance of an SC-SPARC with a shorter code length n = 2100, and

a rate of 1.6 bits/dimension. The AMP decoder for the SC-SPARC is run for a maximum of
100 iterations. The coded modulation scheme uses a rate % (6480, 16200) DVB-S2 LDPC code
with 256-QAM modulation, for the same overall rate of 1.6 bits/dimension and a frame length
of 2025 symbols. We observe that the SC-SPARC requires a smaller E,/Ny to achieve BERs
in the range 10~! to 10~° and FERs down to 10~* compared to the coded modulation scheme.
However, for BERs and FERs lower than 107° and 10~%, respectively, we expect the coded

modulation scheme to require a smaller E,/Ny because its error rate drops faster as Ej/Ny
increases.

In Fig. 2.7, the rate of the SC-SPARC is 2 bits/dimension and the code length is n = 2688.
The AMP decoder for the SC-SPARC is run for a maximum of 100 iterations. The coded
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Figure 2.7: Error performance of complex SC-SPARCs defined via an (w = 6, A = 32, p = 0) base matrix.
Code parameters: R = 2 bits/dimension, L = 2688, M = 16, code length n = 2688. The dashed lines

show the performance of coded modulation: (K = 10800, N = 16200) DVB-S2 LDPC + 64 QAM, frame
length = 2700 symbols. The solid black line in the BER plot is the AWGN Shannon limit for R = 2

bits/dimension, and in the FER plot, it is the normal approximation to the AWGN finite length error
probability bound in [34].

modulation scheme uses a rate % (10800, 16200) DVB-S2 LDPC code with 64-QAM modulation,
for the same overall rate of 2 bits/dimension and a frame length of 2700 symbols. We observe
that the SC-SPARC has a higher BER and FER, compared to the coded modulation scheme for
all values of E}/Np, and its error rate also drops more slowly as Ej,/Ny increases.
In the above plots, the SC-SPARC parameters (w, A, L, M, n) have not been carefully opti-
mised. An interesting direction for future work is to develop good finite length design guidelines

for choosing these parameters as a function of rate and snr. Another direction is to explore

whether alternative base matrix designs could improve the finite length performance at higher
rates like 2 bits/dimension.

2.5.1 Implementation details

The (w, A, p = 0) base matrix was used for all the simulations. Furthermore, to reduce the

decoding complexity and the memory requirement, a few modifications were made to the SC-
SPARC construction and the AMP decoder.

DFT based design matrices We replaced the Gaussian (or complex Gaussian) design ma-

trix with either a Hadamard or discrete Fourier transform (DFT) based design matrix. This
enables the matrix-vector multiplications in the AMP decoder (2.7)—(2.8) to be computed via the
fast Walsh-Hadamard transform (FWHT) [59] or the fast Fourier transform (FFT) [60], which
significantly lowers the decoding complexity and memory requirement. Our approach follows
that of [22,56] where Hadamard based design matrices were used for real-valued SPARCs.

A Hadamard-based design matrix A can be generated as follows given base matrix W &

]R_Ff_xc. Let k = [logy(max((n/R) +1,(LM/C) +1))]. Each block of the design matrix (indexed
by (r,c) for r € [R],c € [C]) is constructed by choosing (n/R) rows and (LM /C) columns
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uniformly at random?® from a 2* x 2¥ Hadamard matrix and then scaling each entry up by
\/m. The resulting design matrix has entries A;; = =, /Wr(i)@(j)/L. When DFT based
design matrices are used, the FFT operation must be appropriately normalised.*

The computational complexity of the AMP decoder is dominated by the two matrix-vector
multiplications associated with the design matrix A. These operations have complexity O(nLM)
when A has independent Gaussian entries. The memory requirements of the encoder and de-
coder are also proportional to nLM since the Gaussian design matrix has to be stored. By
constructing the design matrix using randomly sampled rows of the (deterministic) Hadamard
or DFT matrix, the complexity of the matrix-vector multiplications (replaced by FWHTs/FFTs)
is reduced to O(LM log(LM)), and the memory requirements of the encoder and decoder are
proportional to wLM. The error performance of Hadamard/DFT based design matrices was

found to be similar to that of Gaussian matrices for large matrix sizes.

Online estimation of state evolution parameters The AMP decoder in (2.7)—(2.8) con-
tains parameters computed using the state evolution (SE) recursion (2.9)—(2.11). In particular,
the vector ©', and the matrix ét are determined via SE parameters computed offline. Instead of
computing the SE parameters offline, the SE parameters can be estimated online (at runtime)
using the outputs of the AMP decoder in each iteration. The SE parameters {{ },c(r], {0} }re[Rr]
and {7{}cc(c), which are needed to compute o' and ét (see (2.12)) can be estimated online in

the following way. For r € [R] and ¢ € [C],

/Yr C gt rc L/C 9 N
R o + A4t if the decoder knows o2,
b= o (2.51)
[EH s herwi
/R otherwise,
i &w]
N rc
ii=—1% ; Ag ] (2.52)

The justification for these estimates comes from [1, Lemma 7.6], which proves that the

t

¢, respectively, for large (n,L). We observe that using

estimates 4!, ¢! concentrate on A,
online estimates of the SE parameters results in better empirical error performance than using
deterministic SE parameters. A similar improvement was observed in [47] for power allocated

SPARCS .

3Earlier works [22,47] considered randomly choosing the rows of the Hadamard matrix, but not the columns.
In our simulations we found that at smaller design matrix sizes, the AMP decoder sometimes diverged when
design matrices were based on randomly chosen rows only. Randomly choosing both the rows and the columns
led to improved performance.

“We do not use the first row and column of the Hadamard matrix because they are all +1’s. The other rows
and columns have an equal number of +1’s and —1’s. We do not use the first and (2*~* + 1)-th row and column
of the DFT matrix because their entries are all real-valued.
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Early stopping of AMP Since the online estimates of SE parameters in (2.50)—(2.52) are
estimates of certain noise variances related to the decoding error in each iteration of the AMP,
we choose to stop the AMP decoder early if the change in 4, (Abt or 7! falls below a prescribed
threshold over consecutive iterations. A similar stopping criterion was used in [47] to terminate
the AMP decoder for power allocated SPARCs.

A Python implementation of SPARCs (both power allocated and spatially coupled) with
AMP decoding is available at [155].

2.6 Sliding window AMP decoding

As shown in Fig. 2.2, the decoding progression of SC-SPARCs (at high rates) starts from the
two ends of the message vector and progresses towards the centre until the whole message vector
is decoded. This decoding progression suggests that the estimates of the sections at the middle
of the message vector are not being improved by the decoder during the initial iterations of
decoding, and the estimates of the sections at the two ends are not further improved during the
final iterations of decoding. Therefore, at different stages of decoding, the decoder is wasting
computational power trying to improve the estimates of sections of the message vector where
improvements cannot be made.

It is therefore desirable to design a decoder that tracks the decoding progression, updating
only the estimates of the sections of the message vector where they can be improved. The
computational complexity and memory requirements of such a decoder would depend on the
number of sections whose estimate can be improved, which may be much lower than the total
number of sections. Moreover, if this decoder only tracks the decoding progression that goes
from the front to the back of the message vector (unidirectional), then this decoder can start
decoding once it has received enough codeword symbols from the channel to update the estimate
of the first section of the message vector. This has potential to greatly reduce latency, and the
continuous decoding process (similar to that of convolutional codes) may be useful in streaming
applications.

The same “wave-like” decoding progression is seen in spatially coupled LDPC (SC-LDPC)
codes with belief propagation (BP) decoding. A window decoder for SC-LDPC codes was
proposed and analysed in [156, 157]. The sliding window AMP decoder we describe below

borrows many ideas from [156].

2.6.1 Sliding window decoder description

Recall that a SC-SPARC is defined by a design matrix A € R™ M that is constructed using
a base matrix W € Rixc. The codewords are constructed according to @ = A3, where
B € RIM is a message vector with L sections. The design matrix A is divided into R x C blocks,

and the message vector can be divided into C blocks corresponding to the C column-blocks of
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Figure 2.8: Sliding window decoding steps for window width w = 4 and base matrix parameters (w = 3,
A =16, p =0). Blue: the decoding window and the corresponding parts of the message vector estimate
being updated. Red: additional columns on the left of decoding window required by the decoder and the
corresponding parts of the message vector (already decoded). Green: parts of the message vector that
have been decoded and are no longer used by the decoder.

A. We describe the sliding window AMP decoder for (w, A, p = 0) base matrices which have
R =A+w—1rows, C = A columns, and w non-zero entries in each column (see Def. 2.1.1). The
same ideas can be extended to other spatially coupled base matrix designs that have a band
diagonal structure.

The progression of the sliding window decoder is illustrated in Fig. 2.8. The high level idea
is as follows. A square w X w decoding window (blue) moves diagonally across the base matrix
W, from top-left to bottom-right, to eventually cover all the non-zero entries of the base matrix
in its progression. At each window position, the decoder acts on the part of the noisy channel
output y that corresponds to the rows of the base matrix within the window, and uses them
to estimate of the part of the message vector 8 that corresponds to the columns of the base
matrix within the window. We now describe the sliding window decoder in more detail.

The sliding window AMP decoder has an additional window width parameter w compared

to the “full” AMP decoder in (2.7)—(2.8). This parameter determines the size of the decoding
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window and lies within the range w to R. When w = R the window decoder is the same as the
full decoder.

On initialisation (Fig. 2.8a), the initial estimate of the message vector is set to the all zero
vector, and the decoding window (blue) covers the top-left w-by-w entries of the base matrix.
The AMP decoder (2.7)—(2.8) is run for this window with the corresponding parts of the channel
output and message vector. It is as if the AMP decoder is decoding an SC-SPARC constructed
using a base matrix equal to the “sub-matrix” covered by the decoding window. The estimates
of the message vector in this window (blue) are updated iteratively. The decoder runs until
the change in the estimates corresponding to the left-most column in the decoding window —
the target column — drops below a tolerance parameter (or when the maximum number of
iterations allowed per window position is reached).

The decoding window (blue) then moves to the next window position by shifting one row
down and one column to the right in the base matrix (Fig. 2.8b). The estimate of the message
vector corresponding to the previous target column (c = 1) is now fixed and will not be updated
further. (Parts of the message vector that are no longer being updated are shown in either red
or green.) The AMP decoder is run again for this new decoding window, until the change in
the estimates of the message vector corresponding to the new target column (c = 2) drops
below the tolerance parameter. This process of “shift and decode” continues until the decoding
window covers the last row of the base matrix, i.e., the target column position reaches ¢ =
R—w+1=A+w—w. At this position the AMP decoder runs until the change in the estimates
of the message vector corresponding to all the columns in the decoding window drops below
the tolerance parameter. Then the sliding window decoder terminates.

After the first window position (Fig. 2.8a), the AMP decoder requires up to w — 1 additional
columns (red) on the left of the decoding window (blue) in order to correctly calculate the
residual term z! in (2.7). Note that the estimates of the message vector corresponding to those
additional columns are fixed, hence those additional columns are not needed in the calculation
of B in (2.8).

As the sliding window AMP decoder moves across the base matrix, it outputs soft estimates
for parts of the message vector. During this process, the parts of the message vector that have
been decoded and are no longer used by the decoder (green) can be hard decoded (set largest

entry in each section to 1 and the remaining entries to 0).

Decoding latency and complexity

In practice, the sliding window AMP decoder offers a way to trade-off between computational
complexity, latency and error performance. Indeed, the full decoder is recovered when the
window width w equals R=A +w — 1.

The decoding latency of the window decoder in number of received symbols is w - ;5—,

compared to n for the full decoder. When a Hadamard or DFT based design matrix is used
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together with their corresponding fast transform (see Sec. 2.5.1), the per-iteration decoding
complexity of the window decoder is smaller than that of the full decoder by a factor of ap-
proximately A/w. Specifically, the per-iteration decoding complexity of the window decoder is
O(ww-zlogx), where ww is the maximum number of non-zero entries in the base matrix covered
by the decoding window, and x = LM /A is the number of columns in each column block of the
design matrix. Observe that both the decoding latency and complexity scale linearly with the
window width w. Note that it reasonable to consider L and n scaling linearly with A.

We expect to see significant complexity and latency advantages of the window decoder over
the full decoder for long code lengths because the complexity and latency of the window decoder

depends on the window width instead of the code length (assuming fixed w and L/A).

Asymptotic state evolution analysis

Using the asymptotic (section size M — o0) state evolution analysis in Section 2.3.1, one can
see that the (unidirectional) sliding window AMP decoder with window width w = w has the
same asymptotic error performance as the full decoder. It also requires approximately twice the
number of iterations to finish decoding. However, this assumes that the sliding window decoder
knows exactly how many columns to shift between window positions so that all decoded sections
of the message vector are no longer within the decoding window at the next window position.
The sliding window decoder described in the previous section only shifts one column between

window positions.

Disadvantages compared to the full AMP decoder

1. The sliding window decoder cannot utilise the “seed” at the end (bottom-right) of the
base matrix until the last few window positions. Therefore, it has worse error performance

compared to the full decoder.

2. The sliding window decoder does not track the decoding progression (“wave”) from both

ends of the message vector simultaneously. Therefore, it takes more iterations to decode.

3. If decoding errors occur early on in sliding window decoding, they propagate to the subse-
quent window positions and cannot be corrected since the decoding window never moves
in the reverse direction. This can lead to decoding instances where many section errors

occur.

The first two disadvantages can be addressed by using a bidirectional sliding window de-
coder. However, bidirectional window decoders loose the low latency advantage of unidirectional
window decoders, since the whole codeword has to be received before decoding can initiate.

The window extension algorithm proposed in [158] mitigates the effects of error propagation

in the window decoding of SC-LDPC codes. We expect a similar approach to help address the
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increases. Code parameters: C' = 2 bits, w = 6, A = 64, p = 0, M = 512 and L = 2048. The vertical
lines indicate that no section errors were observed over 10* trials at smaller rates.

third disadvantage of sliding window AMP decoding of SC-SPARCs.

2.6.2 Empirical performance

In this section, we investigate the finite length error performance of sliding window AMP de-
coding via numerical simulations. As in Section 2.5, we Hadamard based design matrices in

these simulations for lower complexity and memory requirements.

Fixed code length, varying window width Fig. 2.9 shows the average section error rate
(SER) of the sliding window decoder for different values of the window width w, with the other
code parameters fixed. The SC-SPARCs are constructed using an (w = 6, A = 64, p = 0) base
matrix and has code parameters M = 512 and L = 2048. We observe that the error performance
improves as the window width is increased. Recall that the decoding latency and per iteration
complexity increases with the window width.

According to the asymptotic state evolution recursion, the sliding window decoder with
window width w = w achieves the same asymptotic performance as full decoder. However,
at finite code lengths n and section sizes M, the column blocks of the message vector are
not perfectly decoded (i.e., corresponding MSE # 0) at the end of the predicted iteration using
w = w. Therefore, larger window widths improve the error performance by using larger decoding
windows (more channel output information can be used), and updating column blocks of message
vector estimates for a larger number of iterations (due to being in more window positions).
Moreover, we increase the number of decoding iterations allowed per window position for larger
window widths, as the window decoder requires more iterations for the estimate of the target

column to converge. See Table 2.1 for the list of decoding iterations allowed for different window
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Table 2.1: Maximum number of iterations allowed (per window position for the window decoder)

full decoder (w = 6) window decoder
A =32 A =64 w=06|w=12 | w=18 | w=32
Tmax 100 200 10 20 30 100

widths.

Fixed window width, increasing code length Fig. 2.10 shows the performance of the
sliding window AMP decoder with fixed window width w = 32, and increasing code length.
The SC-SPARCs are constructed using (w, A, p = 0) base matrices with a fixed coupling width
w = 6 and has section size M = 512. The number of sections L (and code length) increases
proportionally with A, with L/A = 32 held constant. Since the window width w, coupling width
w, section size M and L/A are fixed, the per iteration decoding complexity is the same for
the four different cases in Fig. 2.10. All decoders in this set of simulations have the maximum
number of iterations allowed (per window position) set to 100. Note that for the A = 32 case,
the full AMP decoder is used.

There is a trade-off in error performance when the coupling length A is increased whilst the
coupling width w and decoding window width w are held constant. Increasing A with w fixed
reduces the rate loss of the SC-SPARC (2.5). This results in a lower inner SPARC rate in the
SC-SPARC, which leads to better error performance when its decoded with the full decoder.
However, window decoders with a fixed window width become more suboptimal compared to
full decoders as the coupling length A increases. In Fig. 2.10 we observe that the section error

rate generally improves as A (and hence the code length) is increased, for a fixed window
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width w. For large values of A such as A = 128 or 256, the complexity of full AMP decoding
is prohibitively large. In such cases, sliding window AMP decoding (green and red) offers a

noticeable improvement over smaller code length SC-SPARCs with full AMP decoding (blue).

2.7 Proof of Proposition 2.3.1

Using the definition in (2.4), the state evolution equations (2.9)—(2.10) for the (w, A, p) base
matrix are as follows. With 0 = 1 for ¢ € [A], for t > 0:

1-p & P

t__ 2 t t

pt=0 1+0snr<waC+A_1 > ) %)]7 re[A+w—1], (2.53)
C=¢, CG[A}\{EN"WCT}
R 1—pP 1 ppP 1
t_ _ - — 4 = — A 2.54
r=c re[A+w—1\{c,...,c+w—1}

=1 - &R/ In M)). (2.55)

Here £(+) is defined in (2.11), and ¢,, ¢, are defined (2.27).

Since the variables 1! for ¢ € [A] and ¢ > 0 are symmetric about the center column index,
ie. Pl = wichrl for ¢ < [%1, we carry out the analysis for ¢ < [%1, the result for the other
half then holds by symmetry. We will upper bound ¢ using Lemma 2.3.1. Using (2.21), for the
first iteration we will have 1! < fys 5 for indices c for which {¢0 > (2+ &) R}. We now obtain a
lower bound on »? for indices ¢ < w.

Using (2.54) we have

(e}

ctw—1
o (=P P 1
Ve = —— § M T AT E -9 (2.56)
r=c r re[A+w—1\{c,...,c+w—1} "

i) (1 —p)snr 1 c
- w Z (1—p) Isnr pUsnr + 14+ (1 )79 + 0 A—w
— 1+ 5 r+ 5= (A—r) — p)uUsnr+ pdsnrii=;

(l—p)snrz 1 +£(1—p)snr
- w L+pdsnr+(1—p)dsnrl  w 1+Dsnr

r=c
(i) 1 1—
> 3 <ln(1—|—19$nr) —In <1+p19$nr+ (1 —p)ﬁsnr%)) —i—:;(l_'_g);:’
(ii) 1 c ¢ (l—p)snr
> - _ _(1— T S
> ﬁln(l—i-q?snr) psnr— (1 p)snrw—i-w T dsnr
1 c Usnr?
> —In(1 +¥snr) — psnr — — ————
— 9 n(1+dsnr) — psnr w14 Jdsnr’

where the labelled steps are obtained as follows: (i) using the expression for ¢! in (2.53) and the

68



fact that ¢ < w, (ii) using a definite integral to lower bound the left Riemann sum of a positive

decreasing function:
12 1 1 1
EZ 14+p ¥ snr + T >/ 1+p ¥ snr + da. (2'57)
r=c (1—p)dsnr /W (T=p)Isnr x

Inequality (iii) is obtained using In(1 + z) < z.
Therefore, the condition v0 > (2 + 6) R will be satisfied if

1 2
3 In(1+ ¥Ysnr) — psnr — © 1:9_5;;“ > (24 0)R. (2.58)
Rearranging (2.58) gives
2(1 + Isnr) 1 psnr OR
S AL 1 _p- 2t 2.
c<w T2 29 In (14 Jsnr) — R 5 |- (2.59)

Note that the RHS of (2.59) is smaller than or equal to 1 if R > %. Using p <

and § < %, the sufficient condition in (2.59) for ¢! < fass can be weakened to ¢ < g where g
is defined in (2.42). Note that the condition (2.40) on w guarantees that g > 1.

3snr

Notice from (2.56) that 12 is decreasing in c for ¢ € [1,w] and is then constant for ¢ € [w, [47].
Therefore, for any § € (0,1), if v0 > (2+0)R is satisfied for ¢ = w then ¢! < fy; 5 for all c € [A].
By using a similar analysis as above for lower bounding v, one can show that a sufficient
condition for 12 > (2+ §)R is R < %.

Next we consider subsequent iterations ¢ > 1. Assume towards induction that

¢€ S fM,57 fOI‘ C S gt, (260)

where g; > tg. We will prove that (2.60) implies ).™! < fus s for ¢ < g;+g. We prove the result
for g; > w, with the other case being similar. We wish to find column indices ¢ € (g¢, g1 + w)
for which ¢t < fyrs, or equivalently v > (2 + §)R. For brevity, we will use the shorthand
f = fum,s. Using the induction assumption (2.60) in (2.53), we deduce

L+ f(1—=p)dsnrl 4 fpdsnrf= r+p19snr//\\:9f, 1<r<uw,
i< L+ f(1—=p)Isnr+ fpidsnr§=F 4 pdsnr Aif, w<r< g,
2_
d 1+m[f<w—<r—gt)>+<r—gt>] g <r<g+ow,
\1—{—(1— p) r>g;+w.
(2.61)
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For M sufficiently large (i.e., f sufficiently small), noting that g; > w we can simplify (2.61) to

1—|—f(1—p)19snr£+p19$nr//\\:{, 1<r<uw,
¢ 1+ f(1—p)Isnr+ pIsnri=, w<r<g,
%S ( ) A—1 t (2.62)

14_%”@_(r_gt))+(r—gt)]+pﬁsnr%, gr S r<gr+w,

1+ (1—p)dsnr+ pdsnri=s, r>ge+w.

We now obtain a lower bound on v} for g < ¢ < g; + w. Using (2.54) we have

i 1—pP 1
ez )
r=c r
(Q (1 — p)snr gtJi_l 1
Tw = = ) (-] (A - w)
c— gt (1 —p)snr
+ A—w
w 1+ (1—p)dsnr+ pdsnr3=%
- (1 — p)snr gtiw:l 1 c—gt (1—p)snr
B w —< 1+ pdsnr+ f(1—p)Isnr+ (1 — f)(1— p)ﬁsnr(r;—g") w  1+dsnr
> (1 — p)snr wz:l 1 . c—gt (1 —p)snr
w Wl 1+ pdsnr + f(1 — p)dsnr+ (1 — f)(1 — p)dsnr = w 1+ dsnr
(i) 1 -
> A= <1n(1 + Jsnr) — In (1 +pdsnr+ f(1—p)dsnr+ (1 — f)(1—p)Isnr € w9t>>
L Co g (1 —p)snr
w 14+ Ysnr
(iii) 1 — —a (1—
> Eln(l +dsnr) —psnr— f (1 —p)snr— (1 — p)snr € wgt T wgt <1 +§)Sir:r
1 _ 2
> gln(l + Jsnr) — psnr— fsnr— <9 ;_?;;nr, (2.63)

where the labelled steps are obtained as follows: (i) using the bounds for ¢! given in (2.62), (ii)
using a definite integral to lower bound the left Riemann sum of a decreasing function, similar
to (2.57), and (iii) using the inequalities In(1 4+ z) < z and ﬁ > 1.

Recall from Lemma 2.3.1 that vt < fyr5 if vf > (2+6)R. From (2.63), this condition will
be satisfied if

c—g; Usnr?

1
3 In(1 4 Isnr) — psnr— fsnr— o Txder > (24 0)R. (2.64)
Rearranging (2.64) gives
2(1+9snr) [ 1 psnr  fsnr OR
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Note that the RHS of (2.65) is smaller than or equal to 1 if R > %. Using p < ﬁ

and § < £ in (2.65), we obtain that a sufficient condition for ¥/t < fazs is

c—qg <w-

2(1 + Ysnr) [7A B fsnr] (2.66)

¥ snr? 12 2

For M sufficiently large, f < A/(6snr). Thus we conclude from (2.66) that ¢t < fyr5 for
c — g+ < g, and hence for ¢ < (¢ 4 1)g (since g; > tg).
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Chapter 3

Modulated sparse regression codes

3.1 Introduction

In this chapter we propose modulated sparse regression codes (SPARCs), a generalisation of
SPARCs, for communication over the complex AWGN channel.

In the complex AWGN channel, the output symbol y is produced from (complex) input
symbol x according to y = z 4+ w. The noise random variable w is drawn from a zero mean
circularly-symmetric complex Gaussian distribution with variance o2, which we denote by w ~

CN(0,0?%). There is an average power constraint P on the channel input: if a codeword x =

T1,T9,...,Ty, is transmitted over n uses of the channel, then
lzn: |z < P (3.1)
i R
where | - | denotes the modulus of a complex number. The capacity of the channel is
C=In (1 + ;) nats. (3.2)

As in the standard construction of SPARCs (Section 1.3, Fig. 1.6), a modulated SPARC is
defined by a design matrix A of dimension n x LM, where n is the code length. The codeword
is ® = AB, where 3 has one non-zero entry in each of the L sections of size M.

In the standard SPARC construction, the message is indexed by the locations of the non-
zero entries in B, with their values fixed a priori. Since each section encodes In M nats and
there are L sections, the rate of the SPARC can be expressed as R = L1+M nats.

In a modulated SPARC, information is encoded in both the locations and the values of the
non-zero entries of the message vector 3. In particular, we allow each non-zero entry of 3 to
take values in a K-ary constellation with equal probability (e.g., K-ary phase shift keying).
Therefore, each section encodes In K + In M nats, and the rate of the modulated SPARC can
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be expressed as
_ LIn(KM)

n

R nats. (3.3)

A SPARC without modulation can be seen as having modulation factor K = 1.

Modulation introduces an extra degree of freedom in the design of SPARCs which can be
used to reduce decoding complexity without sacrificing finite-length error performance (Section
3.5). Furthermore, in Chapter 4 we will see how adding modulation to the SPARC design can
be useful in coding for many-user Gaussian multiple access channels.

Since we consider communication over the complex AWGN channel, the SPARC codeword
A3 can be complex-valued. Accordingly, the design matrix A is chosen to have independent
zero-mean complex Gaussian entries. We refer to SPARCs defined with complex design matrices
as complex SPARCs. Furthermore, for modulated complex SPARCs, the non-zero entries of 3
take values in a K-ary complex constellation.

The average power constraint in (3.1) implies that the variances of the entries of A and the
non-zero values of 3 should be chosen such that ||AB|> < nP is satisfied with high probability.
For example, if the values of the non-zero entries of 3 are all chosen to be 1 (the unmodulated
case), the power constraint is satisfied with high probability if the entries of A are chosen
iid. ~ CN(0,P/L). With optimal decoding, such a design has error probability decaying
exponentially in the code length for rates R < C' [20].!

As introduced in Sections 1.3 and 1.5, either power allocation in the non-zero entries of
B or spatially coupled design matrices A are required for good error performance with low
complexity decoders. In particular, both power allocated and spatially coupled unmodulated
SPARCs have been to proven to have vanishing error probability in the large system limit with
approximate message passing (AMP) decoding, for any R < C [1,22,57,140]. (Here “large
system limit” refers to (L, M,n) all tending to infinity such that nR = Lln M.) In this chapter
we will extend the proof to modulated complex SPARCs with either power allocation or spatial
coupling. Recall that spatially coupled unmodulated SPARCs and their AMP decoder are
described in Chapter 2.

Structure of the chapter

In Section 3.2, we introduce modulated SPARCs with K-ary phase shift keying (PSK) constel-
lations and justify our choice of using PSK. We briefly review how the design matrix A can
be constructed from a base matrix, and how both power allocation and spatial coupling can be
implemented by an appropriate choice of the base matrix.

In Section 3.3, we propose an AMP decoder for complex SPARCs with PSK modulation and

describe its state evolution recursion. The state evolution recursion predicts the mean-squared

'The result in [20] was proved for a real-valued SPARC over a real AWGN channel, but the result can be
extended to the complex case by similar arguments.
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error between the true message vector and its estimate in each iteration of AMP decoding. Since
SPARCs have only been analysed for real-valued channels (even in the unmodulated case), we
briefly discuss the differences between the AMP decoders and state evolution recursions for real
and complex SPARCs (both unmodulated).

In Section 3.4, we analyse the error performance of the AMP decoder for modulated complex
SPARCs using state evolution. The main technical result (Proposition 3.4.1) gives an upper
bound on a key state evolution parameter which predicts the mean squared error of the AMP
estimate in each iteration. Using this bound, we show that in the large system limit, the state
evolution recursion for complex SPARCs with K-ary PSK modulation is the same for any fixed
value of K, including K = 1 (unmodulated). We use this result to prove that K-PSK modulated
SPARCs with AMP decoding are asymptotically capacity achieving for the complex AWGN
channel, with either spatial coupling or exponentially decaying power allocation (Theorems 2
and 3).

In order to show that K-PSK modulated SPARCs with a specified design are capacity

achieving in the large system limit, two steps are required:

1. Prove that for any rate R < C, state evolution predicts vanishing probability of decoder

error in the large system limit.

2. Prove that the error rate of the AMP decoder is accurately tracked by the state evolution

parameters for sufficiently large code length.

In Section 3.4, we carry out Step 1. Step 2 was proved in [1, Thms. 1 and 2] for the case
of unmodulated real-valued SPARCs (including spatially coupled and power allocated ones),
where it was shown that the normalised mean squared error of the AMP decoder concentrates
on the state evolution prediction. Step 2 for modulated complex-valued SPARCs can be proved
along the same lines. We do not provide detail on the proof as it is a straightforward extension
of the analysis in [1]: the proof uses the same induction argument and sequence of steps as [1],
with modifications to account for for A and 3 being complex valued. The key conceptual
difference between PSK-modulated complex SPARCs and unmodulated real-valued SPARCs is
in the state evolution and its analysis, which is discussed in Sections 3.3 and 3.4.

In Section 3.5, we evaluate the finite length error performance of modulated complex SPARCs
with AMP decoding via numerical simulations, and compare their performance with coded
modulation schemes using LDPC codes from the DVB-S2 standard. With a DFT-based im-
plementation, the per-iteration complexity of the AMP decoder is O(LM (K + log(LM))). For
K < log(LM), our numerical results demonstrate that modulation allows one to significantly
reduce the decoder complexity without sacrificing error performance.

We would like to mention that SPARCs for the real AWGN channel with binary PSK

modulation (K = 2) and power allocation were discussed in Adam Greig’s PhD thesis [159,
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Figure 3.1: Labelling of phase shift keying (PSK) constellation symbols for K =4 and K = 8.

Chap. 5]. That work motivated the current study of PSK-modulated SPARCs for the complex
AWGN channel.
In this chapter the rate and capacity terms (e.g., R and C) are given in bits for the discussion

of simulation results (Section 3.5) and given in nats elsewhere.

3.2 Modulated SPARC construction

In a modulated SPARC, the value of the non-zero entry in each section of the message vector 3
is chosen from a K-ary constellation. Each section encodes In M nats in the location of non-zero
entry and at most In K nats in the its value, which is achieved when the non-zero values are
chosen uniformly from the K-ary constellation (the mapping from bits to constellation symbol
is uniform).

In this chapter, we choose the non-zero values in 3 uniformly from a K-ary phase shift
keying (PSK) constellation, where the K symbols are equally spaced on the unit circle of the
complex plane. The symbols are denoted by

Cp = ei2mk/ K fork=1,..., K, (3.4)

where j := /—1. (Fig. 3.1 illustrates the labelling of the constellation symbols.) PSK is chosen
rather than other modulation techniques such as quadrature amplitude modulation (QAM)
because the PSK symbols have equal magnitude. Unequal symbol magnitudes will counteract
the effect of power allocation and spatial coupling, and simulations show that errors are much
more likely to occur in the sections where symbols of smaller magnitude are chosen. We choose
the non-zero values uniformly from the PSK constellation due to the global symmetry of the

constellation.
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3.2.1 Power allocation and spatial coupling

The main idea behind both power allocation and spatial coupling is to change the variances of
the (independent Gaussian) entries of A so that certain parts of the message vector are easier
to decode than others. Power allocation varies the variance across the sections (columns) of A,
while spatial coupling varies the variance across both rows and columns such that A has a band
diagonal structure. Both techniques can be described in terms of base matrices, as described in
Chapter 2.1. We now briefly review the base matrix construction and comment on how it can
be applied to design matrices with complex Gaussian entries.?

The design matrix A € C™ M ig divided into R-by-C equally size blocks. The entries
within each block are i.i.d. complex Gaussian with zero mean and variance specified by the
corresponding entry of a base matrix W &€ ]R_Ff_xc. The n x LM design matrix A is constructed
by replacing each entry of the base matrix W, for r € [R], ¢ € [C], by an (n/R) x (LM/C)
matrix with entries drawn i.i.d. from CN(0, W,c/L). See Fig. 2.1 for an example. Hence, given

base matrix W, the design matrix A has independent complex Gaussian entries
1 . .
Aij ~CN <0, LWr(i)c(j)) , forie [n], YRS [LM] (3.5)

The operators r(-) : [n] — [R] and c(+) : [M L] — [C] in (3.5) map a particular row or column
index to its corresponding row block or column block index. We require C to divide L, resulting
in L/C sections per column block.

The non-zero entries of message vector 3 all have magnitude equal to 1 due to PSK modu-
lation. In order to satisfy the average power constraint in (3.1) (in expectation), the entries of

the base matrix W must satisfy the condition in (2.2), i.e.,

1 R C
Rczlzlwm =P. (3.6)
r=1 c=

The trivial base matrix with R = C = 1 corresponds to an uncoupled complex SPARC, i.e.,
the entries of the design matrix are drawn i.i.d. from CN(0, P/L). A single-row base matrix
with R =1 and C = L corresponds to a design matrix with power allocation. For example, the

exponential power allocation used in [21,22,46] corresponds to

eC/L 1

Wy =LP - ——
1 1—e ¢

e CUL . for ¢ e [L), (3.7)

where C is the capacity of the complex AWGN channel (in nats) given in (3.2).

2In standard unmodulated SPARCs, power allocation is often described as the choice of the non-zero values of
the message vector 3 across all L sections while the design matrix A has i.i.d. Gaussian entries. This is equivalent
to a choice of the variances of the Gaussian entries across the L sections of the design matrix while the non-zero
values of 3 are all equal to 1. The latter perspective allows a unified treatment of power allocation and spatial
coupling.
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In this chapter we will consider two kinds of base matrices: i) the one corresponding to the
exponentially decaying power allocation (3.7), and ii) the class of (w, A, p) base matrices used
to construct spatially coupled SPARCs defined in Definition 2.1.1.

Recall that an (w, A, p) base matrix is described by the coupling width w, the coupling length
A, and a parameter p € [0,1) which specifies the fraction of power allocated to the uncoupled
entries in each column. These base matrices have R = A+w—1 rows, C = A columns, with each
column having w identical non-zero entries in the band-diagonal region. When p = 0, the base
matrix only has non-zero entries in the band-diagonal region. For our simulations in Section
3.5, we use p = 0, whereas for Theorem 2 we choose p to be a small positive value proportional
to the rate gap from capacity.

In the remainder of the chapter, we use subscripts in sans-serif font (r or c¢) to denote row
or column block indices. For example, 8. € CLM/C denotes the c-th column block of @ € CEM

for ¢ € [C], and y, € C™/R denotes the r-th row block of y € C" for r € [R].

3.3 AMP decoder and state evolution

The decoder aims to recover the message vector 3 from the channel output y € C”, given by

y=AB+w, (3.8)
where w1, ..., w, g CN(0,0?). The design matrix A and base matrix W are available to the

decoder.

3.3.1 AMP decoder

The approximate message passing (AMP) algorithm is introduced in Section 1.4, and the AMP
decoder for unmodulated real-valued SPARCs is introduced in Section 2.2. In this section we
propose an AMP decoder for modulated complex SPARCs which takes into account the complex
design matrix and the K-ary PSK modulated message vector.?

Given the channel output y, the AMP decoder iteratively generates message vector estimates
Bt at iterations ¢t = 0,1,2,... as follows: initialises 8° to the all-zero vector, and for ¢t > 0

compute

2=y AB +v' @2,
B+l — U(ﬁt 4 (ét o A)*zt’ 7~,t)'

3Complex-valued versions of AMP have been proposed for the linear model in (3.8) where the matrix A, as
well as B, w can be complex [160-162]. However, the complex AMP cannot be directly used to decode SPARCs
because it does not incorporate spatial coupling and is based on an i.i.d. prior for 8; in a SPARC the message
vector 3 is only section-wise i.i.d.

(3.9)
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Here ® denotes the Hadamard (entry-wise) product, A* denotes the conjugate transpose of
matrix A, and quantities with negative time indices are set to zero. The vectors ' € R",
7' € REM and the matrix E)t € R™IM are defined in terms of the state evolution parameters
which will be described later. The function n = (91, ...,n0a) : CEM x REM — CIM ig defined

as follows, for j € [LM]. For j in section ¢ € [L],

- fol Ck * em(gck)/%}
(s, T) = — K _RGi)
Zj/esec(f) Zk’:l e !

(3.10)

where sec(f) = {({ —1)M +1,...,£M} denotes the set of indices in section ¢, and {cg }re(x] is
the set of PSK symbols defined in (3.4). We use Z to denote the conjugate of a complex number
z, and use R(2), I(z) to denote its real and imaginary part, respectively. Notice that 7;(s,T)

depends on all the entries of s and 7 in the section containing j.

Decoder termination When the change in 3 across successive iterations falls below a pre-
specified tolerance, or the decoder reaches the maximum number of iterations allowed, the
decoder terminates. Let T’ denote the final AMP iteration (in which 27~ and 87 are computed).
After iteration T, the decoder produces a hard-decision estimate of the message vector, denoted
AT ~T—1 AT

by 3, as follows. Using s7~! =811+ (Q ~ ® A)*2T~1, the (-th section of 3" is computed
as

AT -1 \"

Bsec(e) = arg max R (Ssec(e)> bl, forlelL], (3.11)

bEBM,K

where Bjs i denotes the set of all possible length M vectors with a single non-zero entry whose

value belongs to the PSK constellation {cy}rex-

Interpretation of the AMP decoder Consider the function 7(-,7") in (3.9), which produces
the updated message vector estimate B!, The first input to this function, denoted by st, can
be viewed as a noisy version of the true message vector 3. In particular, s’
distributed as 84+ V7' © u, with u = [uy, ..., ury]” big CN(0,2) independent of 3. Under
the above distributional assumption, the function 7; defined in (3.10) is the minimum mean

squared error (MMSE) estimator of 8;. That is, for j € [LM],

is approximately

ni(s,7) =E[f;]s = B+ V7 0 u, (3.12)

where the expectation is calculated over B and w, with the location and value of the non-
zero entry in each section of 8 being uniformly distributed among the possible choices. Under

the same distributional assumption, the final hard-decision step of the algorithm (3.11) is the
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Figure 3.2: NMSE % vs. column block index c € [C] for several iteration numbers. The spatially

coupled complex SPARC is defined via an (w = 6,A = 32,p = 0) base matrix and has parameters
R = 3.1 bits, C' =4 bits, M = 256, L = 2048 and n = 5291. The solid lines are the SE predictions from
(3.15), and the dashed lines are the average NMSE over 100 instances of AMP decoding.

maximum a posteriori (MAP) estimator for By, i-e.,

BZ;C(@ = argmax IF’(b ‘ sg;;(lg) =b+ \/?Z;;(lg) O] Usec(g)>, for ¢ € [L]. (3.13)

bEB K
State evolution Under the distributional property described above, the normalised mean
square error (NMSE) between the true message vector and its estimate in each iteration of
the AMP decoder can be predicted using a deterministic recursion called state evolution. For
a modulated complex SPARC defined by base matrix W € REXC, and a complex AWGN

channel with noise variance o2, state evolution (SE) iteratively defines vectors v*, ¢' € RR and

7t 4t € RC as follows. Initialise /0 = 1 for ¢ € [C], and for t = 0, 1,.. ., compute
1 C
’Y: = C ;Wrc¢<t:7 (bf =0’ + 'Yfa r € [R], (3.14)
re2 [1& W]
t_ s rc t+l _ 1 _ (st C 3.15
TC ].n(KM) [R 2 (pf ] ’ C (TC)7 ce [ ]? ( )

where £(7) is defined as follows for 7 > 0:

SK Rlex] - o7 R[(1+v/7U) ]

Er)=E (3.16)

K 1g[1 Ui)ea M K LRU
EazleT [(14+v/7 1)C]+2j=22621€ﬁ [U; e
iid

with Uy, ..., Uy =" CN(0,2).
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As illustrated in Fig. 3.2, the state evolution parameters {wﬁ}ce[c] closely track the NMSE

t_ 2
of each block of the message vector, i.e., P! ~ % for ¢ € [C]. Similarly, the parameters
[EHI&

t o t
,le. o~ /R

{qbf}re[R} closely track the block-wise variance of the modified residual vector z
for r € [R].

For t > 0, the vectors ' € R”, 7' € REM  and the the matrix @t e R"*IM i the AMP
decoder (3.9) all have a block-wise structure, with their entries defined as follows. For i € [n]
and j € [LM],

t t
Ye(s) ~t o Ted)

where we recall that r(i) and c(j) denote the row and column block index of the i-th row entry

and j-th column entry respectively. The vector DY is defined to be all-zeros.

Online estimation of SE parameters In the AMP decoder (3.9), instead of computing the
SE parameters (3.14)—(3.17) offline they can be estimated online using intermediate outputs
from the AMP. In particular, the SE parameters {}}.cr], {0} }rer] and {7¢}cec), which are

~t ~ ~1 . .
needed to compute ¥°, 7' and Q , can be estimated online as follows. For r € [R] and ¢ € [C],

Atzliw 1_ [EAls (3.18)
Tr C gt rc L/C ) :
2t o? + A4t if the decoder knows o2,
r = ”thQ X (3.19)
R otherwise,
R ~1
R/2 1 W,
AU LY 2
e T (K M) [R o ] (3.20)
r=1 r

These online estimates are used for the numerical simulations in Section 3.5. The justification
for these estimates comes from [1, Lemma 7.6], which shows that in the case of unmodulated
real-valued SPARCs, the estimates (3.18)—(3.20) concentrate on their respective state evolution
parameters. The arguments of [1, Lemma 7.6] can be extended to show similar concentration of

the online estimates for modulated complex SPARCs, but we do not pursue this in this thesis.

AMP and SE for real-valued versus complex-valued SPARCs The AMP decoder
for unmodulated (K = 1) complex SPARCs in (3.9)—(3.10) simplifies to the AMP decoder
for unmodulated real-valued SPARCs in (2.7)-(2.8) if a real-valued design matrix A is used.
Moreover, the state evolution for unmodulated complex SPARCs in (3.14)—(3.16) simplifies to
the state evolution for unmodulated real-valued SPARCs in (2.9)—(2.11), except that in the
definition of 7¢ in (3.15), the “R/2” term is replaced with “R” for a rate R unmodulated
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real-valued SPARC.* This implies that the predicted NMSE of the AMP decoder for a rate
R unmodulated complex SPARC is the same as that for a rate R/2 unmodulated real-valued
SPARC. This matches our intuition since a transmission rate R over a complex AWGN channel
with signal-to-ratio P/o? corresponds to a rate of R/2 over each of two independent (real)

AWGN channels with signal-to-noise ratio P/o?.

3.4 Error performance analysis

3.4.1 Error criteria

A natural error criterion for a SPARC decoder is the section error rate (SER) defined in (2.17),
which is the fraction of sections decoded in error. (For the AMP decoder, the hard decision
estimate ,BT is given in (3.11).) In a modulated SPARC, a section is decoded in error when
either the location or the value of the non-zero entry in that section is estimated incorrectly.
Recall that each section corresponds to logy K + logy M nats of information.

We can also measure decoding performance via the bit error rate (BER). Recall that logy M
bits determine the location of the non-zero entry in a section of the message vector 3, and
logy K bits determine its value. If the location of the non-zero entry is estimated incorrectly, on
average half of the logy, M bits will be decoded wrongly due to the uniform mapping of bits to
location. If the value is estimated incorrectly, on average less than half of the logy K bits will
be decoded wrongly because Gray coding is used to map bits to constellation symbols.

A third performance measure is the frame error rate (FER), which is based on whether the
entire SPARC codeword is decoded correctly. Since an error in decoding any of the sections
leads to a codeword error, the FER is at least as large as the SER. In particular, we have FER
> SER > BER.

In the following sections, we first show that the SER of the AMP decoder is upper bounded
by a constant times its normalised mean squared error (NMSE). This result (Lemma 3.4.1)
implies that an an upper bound on the SER can be obtained from an upper bound on the
state evolution parameters {¥{}ccjc] (which predict the block-wise NMSE). Our main technical
result (Proposition 3.4.1) provides such an upper bound on {1/12}c€[q. Using this bound, we
show that in the large system limit, the state evolution recursion for complex SPARCs with
K-ary PSK modulation (Corollary 3.4.1) is the same for any fixed value of K, including K = 1
(unmodulated). Therefore, the same arguments that prove that unmodulated SPARCs are

capacity achieving with AMP decoding also imply that K-PSK modulated SPARCs are capacity

“One can also define 7¢ in (3.15) using “R” instead “R/2” for complex SPARCs and change the definition of
the functions 7 in (3.10) and £(7) in (3.16) accordingly. With this alternative definition of 7¢, the interpretation of
the arguments to the function 7 in (3.12) would be slightly different: the first argument s would be approximately
distributed as B + V7 ® u, with uy,...,ury i.i.d. ~ CN(0,1) (instead of i.i.d. ~ CA(0,2)). The definition of
7¢in (3.15) using “R/2” makes the comparison of the AMP and SE equations between complex and real-valued
SPARC:s straightforward.
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achieving with AMP decoding, for any fixed K (Theorems 2 and 3).

3.4.2 Bounding the section error rate

Lemma 3.4.1 (Bounding SER in terms of NMSE). Consider a complez SPARC with K-ary
PSK modulation, with K being a power of 2. Let the AMP decoder be run for T iterations, with
BT being the final “soft-decision” estimate produced according to (3.9), and BT the final hard-
decision estimate produced according to (3.11). Let the SER corresponding to BT be defined
as in (2.17). Then the SER can be bounded in terms of the normalised mean squared error
%H,@T — B||? as follows:

4. 1878 if K =1,2,4,

~

SER < (3.21)

sind(m) - IBBE g > 8,

The proof is given in Section 3.6.1.
Since the NMSE +(|8" — B||? is predicted by the state evolution quantity & > {, Lemma
3.4.1 implies that an upper bound on the parameters {@Zjé}ce[c] would give an upper bound on

the SER after iteration ¢. The following proposition gives such an upper bound for {1{}.c(c)-

Proposition 3.4.1 (Bounding the state evolution predicted NMSE). Consider any base matrix
W that satisfies & < %Zr, Wee < & and & < %Zd W,o < & for some universal positive
constants &1,&2, for all re [R],c € [C]. Let

R
1 2 W,
- _ rc , 22
Ve = L In(KM) R.R;1 o Joreeld (3:22)
Then,

2 €1 t 2 52

28 28 3.23

R o2t26 = "= R o2 (3.23)

and for K being a power of 2, sufficiently large M and any 6 € (0, %),
YOS frear TUE > 240} + (- hicar) - LA <246}, force(d.  (3.24)

The non-negative scalars fr y and hi ar are bounded as:

(KM)*OQK(;Q (KM)*azKVé

T Y h S i)
5y/In(K M) T = (K M)

where ay ¢ and agg are positive constants depending only on K and the bounds of vt in (3.23).

T < (3.25)

Ezact expressions for fri v, hic,v are given in Remark 3.4.2 below.

Remark 3.4.1. The variable v/ can be regarded as a measure of the “signal-to-noise ratio” of

column block c after iteration t. When v¢ exceeds 2+ 4, the predicted NMSE of column block ¢
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after iteration ¢+ 1, denoted by ¥.*!, is upper bounded by fK. v, which can be made arbitrarily
small as M — oo (Remark 3.4.3). On the other hand, if v is less than 2 + &, ¥ is upper
bounded by 1 + hg ar, which tends to 1 as M — oo.

Remark 3.4.2. The expressions for the scalars fx ys and hg yr when K is a power of 2, are as
follows. For K = 1,2 and 4,

g2
o I3 0, if K =1
) emy=e® (am)v2 I
s P = §y/In(2M) " /2mviIn(2M)’ iR =2 (3.26)

@M)—F3  p(aM)vEr g
§y/In(4M) " \/2mvt In(4M)’ if K =4,

and for K > 8,
o md
2m (1+cot(2%))2
n
vé
2(1 2DV (K M) 20+eot(GE)?
hg v = (1 ot ) ; (3.28)

2nvtIn(K M)
where k1 to k4 are universal positive constants, not depending on K or M.

Remark 3.4.3. From (3.25)(3.28), it is clear that for any fixed K and 6 € (0, 3), both fx
and hg ps approach 0 as M — co. On the other hand, for any fixed M and § € (0, %), both fr
and hg yr increase with K, for K > 8. Therefore, the upper bound on the predicted block-wise
NMSE ! in (3.24) and the upper bound on the SER in (3.21) both increase with K, when
K > 8. This is consistent with the fact that when M is fixed, the amount of information
transmitted per section increases with K.

If we consider increasing values of K, one can ask: how fast can K grow with M such that
fr,m and hg pr approach 0 as K, M both approach infinity? Using the expressions in (3.25)—
(3.28), we deduce that fx as and hx pr approach 0 for any fixed § € (0, %) if Him g p7—s o0 |%| =

oo (i.e., M dominates g(K) asymptotically), where

1 - [1+cot( 7)) . 2[1+cot( 47 )] L
o) = g mox ([teeot ()]0 [reor ()] L kR ). (3.20)
The proof of Proposition 3.4.1 is given in Section 3.6.2. A proof sketch is presented here to
highlight the main ideas.

Proof Sketch. Recall from (3.15) that '™ = 1 — £(7!). The upper bound on ¥ in (3.24) is

proved by obtaining two lower bounds for £(7¢), one which holds for all values of v > 0, and
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the other which holds for v¢ > 2. In particular, we show that

—hg M, for v! > 0,
Erh > ’ c (3.30)
1_fK,M, for V€>2—|-(5.

For the case of K =1 (no modulation), the result was proved in [57]. The proof for K > 2 is
significantly more challenging as the £(7¢) term defined in (3.16) can be negative. We discuss
the K > 2 case below.

From (3.16) , we observe that £(7) is an expectation over M i.i.d. CN (0, 2) random variables

Ui, ..., Up. Using the tower property we write
SK Riek] - o7 R[(1+v/7U)
Dam1 € Vel 43 e D g eVt
noting that Us, ..., Uy only appear in the denominator. The outer expectation over Uj is split

into four terms, each of which integrate over different ranges of UlR and U{ , the independent

real and imaginary parts of U;.
e = [ [ B, o a4 [ B, L

/ / uNBy, vy |- - Jdu"du’ —I—/ / W By, vy - Jduldu’

=1+ 1o+ I35+ 14, (3.32)

where u is an arbitrary parameter which splits the range of the integration.

We argue that for a suitably chosen value of u (which depends on K, M but not on 1), the
Evs,,...ua |- - -] term is non-negative for U1 >y and Ul > u, and hence I; > 0. For the terms I
to Iy, we first show that Ey,  ,,[...] > —1, and then use tail bounds for standard normals to
obtain Iy + I3 + Iy > —hg . Thus we obtain the lower bound E(7%) > —hg p for all v¢ > 0.

For vl > 2, we again split the integral into the ranges in (3.32), but choose u to depend on
vt as well as K, M. We again use Ey, .y, [...] > —1 and tail bounds for standard normals to
obtain a lower bound of the form I + I3 + 14 > — By - fx  for sufficiently large M and positive
constant Bi. We then obtain a lower bound for I1 which takes the form Iy > 1 — By - fx m

for sufficiently large M and positive constant By. Combining the results, we obtain the lower

bound on &(7¢) for the v > 2 case. We therefore have both the lower bounds in (3.30). O

In addition to the upper bound on the state evolution parameter ‘! given in Proposition

3.4.1, a corresponding lower bound can be derived for the v < 2 case.

Proposition 3.4.2. Under the same conditions as Proposition 3.4.1, for sufficiently large M,
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and any 6 € (0,1),
YL > (1 - M‘O‘?’K‘SQ) 1{vt <2 -5}, (3.33)

where asg is a positive constant depending only on K and the bounds of vt in (3.23).

The above result was proved for the unmodulated (K = 1) case in [1, Lem. 4.1] (see also
Lemma 2.3.1). To prove this lower bound for the general K > 1 case, we use similar high-level
arguments as in the proof of [1, Lem. 4.1], as well as specific techniques used in the proof of the

upper bound in Proposition 3.4.1 for the K > 1 case. The proof is given in Section 3.6.4.

Asymptotic state evolution

Proposition 3.4.1 together with Proposition 3.4.2 immediately yields the following asymptotic

characterisation of the state evolution recursion for M — oo.

Corollary 3.4.1 (Asymptotic state evolution). For any base matrizc W satisfying the conditions
in Proposition 3.4.1, the state evolution recursion in (3.14)—(3.16) simplifies to the following as
M — oo, for any fivzed K > 1. Initialise 92 = 1 for c € [(], and fort = 0,1, ..., compute

C
g = o4 lC 3 Wiedt, re (R, (3.34)
c=1
R
Pt = 1{22‘?3}3}, ce[q, (3.35)
r=1 r

where ¢, indicate asymptotic values.

Remark 3.4.4. Though the state evolution parameters in (3.14)-(3.16) depend on the modu-
lation factor K, the asymptotic values of these parameters in (3.34)—(3.35) do not. Therefore,
as M — oo, the predicted per-iteration NMSE of the AMP decoder for complex SPARCs with
K-ary PSK modulation is the same for any finite K, including K = 1 (unmodulated).

Remark 3.4.5 (Complex versus real asymptotic SE). The only difference between the asymp-
totic state evolution in (3.34)—(3.35) for modulated complex SPARCs and that for unmodulated
real-valued SPARCs in (2.22)—(2.23) is that R within the indicator in (3.35) is replaced by 2R
in (2.23). This matches our intuition since a rate of R nats over a complex AWGN channel

corresponds to a rate of R/2 nats/dimension (see also last paragraph of Section 3.3.1).

We note that the lower bound in Proposition 3.4.2 is not required for Theorems 2 and
3, which are the main results of this chapter (see Section 3.4.3); only the upper bounds in
Proposition 3.4.1 are required. That is, Theorems 2 and 3 does not require the equality in
(3.35), but only an upper bound on ¢!, which tracks the NMSE of the AMP decoder.
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3.4.3 PSK-modulated SPARCs are capacity achieving

The asymptotic state evolution equations in (3.34)—(3.35) have been analysed for two choices of
base matrix W: for a suitable (w, A, p) base matrix in Chapter 2 (which has appeared in [1,2]),
and for the base matrix corresponding to an exponentially decaying power allocation in [22].
These results show that in both cases, for any fixed R < C' we have ¢! = 0 for ¢ € [C], where
the number of iterations 7' is a finite value depending on the rate gap from capacity. That is,
the state evolution equations predict reliable decoding in the large system limit for R < C.

We know that the asymptotic equations (3.34)—(3.35) hold for K-PSK modulated complex
SPARCs, for any K > 1 (Remarks 3.4.4 and 3.4.5). We can therefore directly use the asymptotic
state evolution results in Chapter 2 and [22] to argue that K-PSK modulated SPARCs are
asymptotically capacity achieving for any finite K, with the base matrices used in Chapter 2 and
[22]. Theorem 2 gives this result for modulation applied to spatially coupled SPARCs defined
via an (w, A, p) base matrix. Theorem 3 gives a similar result for SPARCs with exponentially
decaying power allocation. We require some definitions to state the theorems.

For an (w, A, p) base matrix, let 9 =1+ “T_l, and
R* = %ln(l + Ysnr), (3.36)
where snr = %. We will consider rates R < R* (in nats), noting that C' > R* > %, where
C =In(1+snr). (3.37)

Observe that ¥ — 1 as § — 0, and hence R* can be made arbitrarily close to C for any fixed
w by choosing A to be sufficiently large. Finally, let
. Y snr?

YT (1+9snr)(R*— R) (3:38)

Theorem 2 (K-PSK modulated SPARCs with spatial coupling are capacity achieving). For
any R < C, let W be an (w, A, p) base matriz with parameters chosen such that R* > R, w > w*
and p = min{%, R;s;rR}, where R*,w* are defined in (3.36) and (3.38). Fiz K to be a power
of 2. Let {S,} be a sequence of rate R, K-PSK modulated SPARCs (indexed by code length
n), with S, defined via an n x LM design matriz constructed from the base matriz W . Let
SER(S,) := %Zle H{Bic(@) # Bsee(ry} denote the section error rate of the AMP decoder after

T iterations where T = (%1 Then

lim SER(S,) = 0 almost surely,

n—o0

where the limit is taken with (L, M,n) all tending to infinity such that R = LIn(KM)/n.
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Proof. Recall the definition of asymptotic state evolution parameter 1) from Corollary 3.4.1.
Under the stated conditions on the parameters of the (w, A, p) base matrix, Proposition 2.3.1

shows that
Yl =0, forcelC. (3.39)

Furthermore, [1, Thm. 2| implies that

BT =817

7 Z oI almost surely, (3.40)

cG[C]
where the limit is taken with (L, M, n) all tending to infinity such that R = LIn(KM)/n. The
concentration result in (3.40) is shown for unmodulated real-valued SPARCs in [1], and the

proof for K-PSK modulated complex SPARCs case is essentially the same. Combining (3.39)
and (3.40) with Lemma 3.4.1 yields the statement of the theorem. O

For any rate R < C, we can choose the base matrix parameters w and A using the method

described in Remark 2.3.2 to satisfy the conditions of the theorem.

Theorem 3 (K-PSK modulated SPARCs with exponentially decaying power allocation are
capacity achieving). For any R < C, let W be a 1 x L base matrixz corresponding to the

exponentially decaying power allocation, i.e.,

C/L -1
Wi =LP: ——— - e O pelL) (3.41)
— €

Fiz K to be a power of 2. Let {S,} be a sequence of rate R, K-PSK modulated SPARCs
(indexed by code length n), with S, defined via an n x LM design matriz constructed from the
base matriv W. Let SER(S,) := 1 Ly~ ]l{,6'seC # Bseor} denote the section error rate of
the AMP decoder after T iterations where T = [ln(C/R 1. Then

lim SER(S,) = 0 almost surely,

n—o0
where the limit is taken with (L, M,n) all tending to infinity such that R = LIn(KM)/n.

Proof. With the exponentially decaying allocation in (3.41), using R = 1, C = L, the asymptotic

state evolution recursion in Corollary 3.4.1 reduces to

L
1 _
P =1 Wy, < R(aQ DI w;) . (el (3.42)
Jj=1
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This recursion is analysed in [22, Lemmas 1 and 2], where it is shown that
1 L
. T
lim T ;1 Wiy =0, (3.43)

for T = [ﬁ] Furthermore, [1, Thm. 2| implies that

T 2
lim I8~ =8I 'BH Z o almost surely. (3.44)
Ee[L]

In both (3.43) and (3.44), the limit is taken with (L, M,n) all tending to infinity such that
R = LIn(KM)/n. The concentration result in (3.44) is shown for unmodulated real-valued
SPARCs in [1], and the proof for K-PSK modulated complex SPARCs is essentially the same.
As L — oo, the base matrix entries {Wis}serr) in (3.41) are bounded above and below by
strictly positive universal constants. Therefore, (3.43) implies that % Zee[ I ¢l = 0. Using this
in (3.44) and then invoking Lemma 3.4.1 yields the statement of the theorem. O

Theorems 2 and 3 correspond to two different choices of base matrices for which ¢! = 0
for c € [C]. The key requirement for a PSK-modulated complex SPARC design to be capacity
achieving is that the underlying base matrix satisfies % chzl I =0, for all fixed R < C. Here
T is the final iteration, which in the examples above is determined by the gap from capacity
(C — R). Whenever we have a base matrix whose asymptotic state evolution recursion (3.34)—
(3.35) satisfies the above property, [1, Thm. 2] and Lemma 3.4.1 together imply that the design

is capacity achieving in the large system limit.

3.5 Empirical error performance

In Figs. 3.3 and 3.4 we show the finite length error performance of PSK-modulated complex
SPARCs with AMP decoding via numerical simulations. The error performance is evaluated
using bit error rate (BER) and frame error rate (FER) as they are common performance metrics
of interest. For reference, we also simulate and plot the error performance of coded modulation
schemes (LDPC + QAM) using the AFF3CT toolbox [154]. The LDPC codes used are from
the DVB-S2 standard.

Within each figure, the SPARCs have the same rate R, code length n, and number of sections
L. We vary the code parameters K and M while keeping their product K M constant, recalling
that R = Llog?ﬁ(KM) bits. As K increases from 1 (unmodulated) to 4, both the BER and the
FER improve. At K = 8, the BER continues to improve at low values of Ej/Np, but an error
floor starts to appear at high E,/Ny. However, the FER at K = 8 is significantly worse than
that of K = 1,2,4 for all values of E;/Ny. We expect that a much larger M is required to
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Figure 3.3: Error performance of K-ary PSK modulated complex SPARCs defined via a (w = 6,A =
32, p = 0) base matrix. Code parameters: R = 1.593 bits/dimension, L = 960, code length n = 2109.
Each curve represents a K and M pair with fixed KM = 128. The dashed lines show the performance
of coded modulation: (6480, 16200) DVB-S2 LDPC + 256 QAM, frame length = 2025, overall rate
= 1.6 bits/dimension. The solid black line in subplot (a) is the AWGN Shannon limit for R = 1.6
bits/dimension, and in subplot (b) it is the normal approximation to AWGN finite length error bound
in [34].

achieve low FER with K = 8, but more investigation is required.

Recall that in a modulated SPARC, a section error occurs when either the location or value
(or both) of the non-zero entry in the section is decoded incorrectly. Figs. 3.4c and 3.4d show
the location error rate (fraction of sections where the location of the non-zero entry was decoded
in error) and the value error rate (fraction of sections where the value of the non-zero entry was
decoded in error) from the same set of simulations used to plot Figs. 3.4a and 3.4b. We notice
that with KM held fixed, the location error rate consistently improves as K increases and M
decreases. We also notice that when Ep/Ny > 9 dB, all errors in decoding the M = 2, K = 8
modulated complex SPARC were due to value errors. Since bit errors arise from a combination
of both location and value errors (see beginning of Section 3.4), the location error rate and value

error rate curves help us understand the shape of the BER curve in Fig. 3.4a.

Implementation details For the simulations, a discrete Fourier transform (DFT) based de-
sign matrix was used instead of a Gaussian one. This enables the matrix-vector multiplications
in the AMP decoder (3.9) to be computed via the fast Fourier transform (FFT), which signifi-
cantly lowers the decoding complexity and memory requirement. The error performance of DFT
based design matrices were found to be similar to that of Gaussian matrices for large matrix
sizes. Our approach is similar to that discussed in Section 2.5.1 (and [22,56]) where Hadamard-
based design matrices were used for unmodulated real-valued SPARCs. For the simulations, we
also use the online estimates of the state evolution parameters described in (3.18)—(3.20). The

code used for the simulations is available at [155].
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Figure 3.4: Error performance of modulated complex SPARCs defined via a (w = 6,A = 32,p = 0)
base matrix. Code parameters: R = 1.99 bits/dimension, L = 2688, code length n = 2701. Each
curve represents a K and M pair with fixed KM = 16. The dashed lines show the performance of
coded modulation: (10800, 16200) DVB-S2 LDPC + 64 QAM, frame length = 2700, overall rate = 2.0

bits/dimension. The solid black lines in subplots (a), (¢) and (d) are the AWGN Shannon limit for
R = 2.0 bits/dimension, and in subplot (b) it is the normal approximation to AWGN finite length error
bound in [34].

3.5.1 Decoding complexity

The complexity of the AMP decoder is dominated by the two matrix-vector multiplications
(which are replaced by FFTs) in (3.9), and the 7 function in (3.10). The complexity of the FFTs
are O(LM log(LM)) and the complexity of the n function is O(LM K'). Therefore, the overall
complexity per iteration is O(LM (log(LM)+K)). In each set of simulations, as K increases and
M decreases, with the product KM kept constant, the overall decoding complexity decreases.
To compare the decoding complexities of unmodulated and modulated SPARCs with KM

held fixed, denote the values of M for the two cases by Mynmod and M4, so that Mynmoed =
K My,04- Then the ratio of decoding complexities is

complexity for unmodulated SPARC

log(LMunmod) + 1
complexity for modulated SPARC

. . 3.45
log(LMynmod) + K — log K ( )

If K < log(LM), then modulation can reduce decoding complexity by nearly K times. For
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example, in Fig. 3.3 the decoding complexity is reduced by approximately 3.8 times from (K =
1, M =128) to (K = 4, M = 32) while the error performance improves.

The simulations above indicate that for a fixed code length n, rate R, and number of
sections L, modulation can significantly reduce decoding complexity without sacrificing error
performance. Modulation also allows more flexibility in the code design of SPARCs. For
example, due to the rate equation R = %KM), for a fixed code length n, number of sections
L, and section size M, one can increase the rate of the SPARC by increasing the modulation

parameter K, and this increase of K will not affect the decoding complexity if K < log(LM).

3.6 Proofs

3.6.1 Proof of Lemma 3.4.1

Recall that sec(f) = {({ — 1)M + 1,...,£M} for £ € [L] and Byee(r) € CM denotes the /-th
section of the message vector B8 € CIM. We will show that if Bsec(r) 1s decoded in error after
T iterations of AMP decoding, then the squared error of that section is lower bounded by a
positive number that is a function of the modulation parameter K. More precisely, we show

that
Iasec #/Bsec(é = ngsec 16sec(€)H2 > h(K)? (3'46)

where

if K=1,2,4,

h(K) = (3.47)
sin(£) if K > 8.

(=

Then (3.46) implies

~
[l

18" -8l

2

SER = — Z { sec(f) # ﬁsec 4)} = K E sec(f Bsec(ﬁ)H = h(K) ) I )
Z: /=1

which is the required result after substituting in (3.47). We now prove the statements given in
(3.46)—(3.47).

We denote the location index of the non-zero entry of By () as sent(f) (let’s assume section
¢ is in column block ¢ € [C]). By symmetry of the PSK constellation, we can assume without

loss of generality that the value of the non-zero entry is cx = +1. Thats is, for j € sec(¥),

1 if j = sent(¥),
B = (3.48)
0 otherwise.

Thus,
Hﬁsec lgsec(E)H2 > |/st;nt(é Bsent @)‘ ‘ sent(£) 1|2
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K em(sz;;tl(@ck)/{*
Ck -1

— K R(sj te)/md
k=1 Zj’Esec(K) Zkz’:l e’

2 3o () ] [ () ]
k=1 k=1
K

> [;cos (%) D — 1}2, (3.49)

where (i) is obtained using the expression for 5% derived from (3.9), (3.10) and (3.17), and

sent(£)
__j2nk/K
= ¢l

(ii) from substituting in ¢, and defining

6%(5;;3(2) Ck)/TcT_l

o= . kelK). (3.50)
R sr,flc ’ ’T;T71
Zj’esec(é) 2521 € ( ’ )/

Towards proving (3.46), assume that ,B;QC(@ # Bsece)- Then from (3.11) we know that

%(sz;;tl( 0 cx) < §R(sz*_lck*) for some (j*, k*) # (sent(¢), K). This gives us the following inequal-
ity.

R e (78

K R mE T T K R(s) o)/ !
Zj’ESeC(K) Zk/:l e’ Ej%sec(@) Zk’:l e’

§R(S’sl;;tl(g)cl()/TCT_I

6%(836;&@01()/7?’ '

Pk =

(&

K %(s_T,flck/)/Tchl
Zj’esec(é) Zk":l e 7

<1-

:1_pK7

(3.51)

where the second inequality is obtained by noting that

R(s; ter)/me !

DD DI

. K R(sL e )7 It
j€sec(f) k=1 Ej’Esec(Z) Zkz’:l e (55 ewr)/7e

From (3.51) and the fact that px > 0, we deduce 0 < pg < %
Continuing from (3.49), we obtain the required lower bounds on the squared error of section

¢ when it is decoded in error.

. 132 : _
. ) (1-p1 —1) if K =1,
27Tk 2 .
ZCOS<7>'pk—1 — (1 pr+1-pp—1?2 ifK =2,

(—=1-po+1-py—1)% if K =4,

Y

1
— .52
T (352

92



where the last inequality is obtained using 0 < px < % and pp > 0 for k € [K].
For the K > 8 case, first notice that | ), cos(2wk/K) - pi| < 1 since py > 0 for k € [K] and
> i Pr < 1. Moreover,

K K—1
S () i = n () g (o ) (Em)
< px + cos (%r) (1 —pK). (3.53)
Using this together with | )", cos(2nk/K) - pi| < 1, we obtain
5 ok 2 ?
[;cos (7) Pk — 1] > [(1 —pK)<cos(27r/K) — 1)}
> %(1 ~ cos(2n/K)) = sin’ (/) . (3.54)

Here the second inequality is obtained using 0 < px < % Using (3.52) and (3.54) in (3.49)

completes the proof of (3.46), and hence the lemma.

3.6.2 Proof of Proposition 3.4.1

We will prove the proposition for K — the size of the PSK constellation — being a power of 2.
We first obtain the lower and upper bounds of v given in (3.23). To do this, we first show
that the absolute value of £(7) defined in (3.16) is bounded. Indeed,

_ B ) -
E(T)| <E S Rley] - e ROV
< ih S—
| Zf:l 6%%[(1+\/7TU1) ca] + Z]JW:2 Zlf(:l 6\F§R[UJ 5]
i i K 1y TU1) Ck
Yk T
| S e ROHVTUNG] S S R
=" (3.55)
where (i) is obtained by |R[ck]| < 1. Using the above result in (3.15) we deduce that
O<ves2 (3.56)
Now we obtain upper and lower bounds for v/.,
R i R
¢ @ 2 (i) 9 Wee (iii) 9 €2
* T ER = ER S B2 (3.57)
- R Zl % Zc’ Wrc’wc/ R R 2 0'2 R 0-2
R R
t Q2 QN We () 2 g
- AR 2 RRZ2-02+26 = R o2+ 3.58
Vc R ; C ZC’ Wrc’¢c/ B R R ; 0‘2 + 252 — R 0_2 + 252 ( )



The labelled steps can be obtained as follows: (i) using the definition of 1! and ¢! in (3.22) and
(3.14), (i) using (3.56) and & < & > Wie < &, and (iii) using & < & Y-, Wre < &. Note that
Wy >0 for r € [R],c € [C] and o2 > 0.

In the remainder of this proof, we obtain the upper bound on ¥!*! given in (3.24). We do
this by obtaining a lower bound on £(7!) since ¢{™! = 1 — £(7¢). The result will first be proven

for the K > 8 case. The other cases (K = 1,2,4) use similar arguments and will be discussed

afterwards.

We first rewrite £(7) defined in (3.16) in terms of v. Recalling from (3.22) that v = W,
we have

ZK [ ] vIn(KM)R[ck]++/v In(KM)R[U1 ]
E(r)=E k=1 , (3.59)
ZK vin(KM)R[ca]++/v In(KM)R[U1¢q) + Z !, Z \/Vln (KM)R[Ujcp)
a=1 j=

where Uy,..., Uy i1 CN(0,2), and ¢ = e2mk/K for 1 < k < K. Furthermore, we note

that the set of PSK symbols {c}x=1,. x can equally be represented as {cy }r=i, . i+Kx—1 for any

integer i, and we have ¢; = ¢; mod k- We now introduce some notation to simplify (3.59):

cos, = cos(2ma/K) = R[c,| for integer a, (3.60)
sin, = sin(2ma/K) = S¢,] for integer a, (3.61)
tan, = tan(27a/K) for integer a, (3.62)
Uf =R[U;] forj=1,..., M, (3.63)
Ul =S[U;] forj=1,...,M, (3.64)
1
p=vin(KM)=—. (3.65)
T
Using the above notation, we have
E(r)=E _ Dy COsy, eh ek VIR
_Zf:l e cosa TRtz 4 Zj\g Zg(:l eVimIU;al
@ o f:/iK/4+1 COS) et Cos +/eR[Uicg] _ oS}, e —HCosk, —VER[U1C)
Zzlz(:/iK/4+l (errcose VRG] 4 gmpcosa = VpRlUieal ) Zy]\iz Sy ViRl
(ii) ,I:_/4 K/4+1 2 cosy - sinh Yy, kK_/4 K/441 2 cosg, - sinh Yy,
=E K/ v, Ex K/ U], (3.66)
X 4220l j¢japq 2cosh Yo X420l kap 2cosh Yy
where (i) is obtained by using ¢, = ~Clat Ky mod K and cos, = — COS(4 45 ) tmod K noting that K
is a multiple of 4, and (ii) is obtained with the following substitutions,
. K K
Y = pcosg++/uR[Uicy) = pcosk+/p [Uf"2 COSk +U1[ smk] , k= 1 +1,..., R (3.67)
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M K M K
= 3N evilUE = 3TN VAl o +U simg], (3.68)

j=2 b=1 =2 b=1

From (3.55), we know that —1 < £(7) < 1. Furthermore, the same arguments used to obtain
(3.55) shows that the expectation over X in (3.66) is bounded as follows,
K/4
k=—K /A+1
X+ 2wt 2cosh Y,

2 cosy - sinh Yy,

-1 <Ex

< U] <1 (3.69)

To lower bound £(7), we first identify when the expression inside the inner expectation in
(3.66) is non-negative. Observe that cosi, X, and coshY, are all non-negative for the values of
a and k being considered, with cosy = 0 when k = %. Furthermore, from the definition of Y}
n (3.67), for k e {—-K/4+1,...,K/4 — 1}, we have sinh Y}, > 0 if and only if

U cosy +U] sing > — /7 cosy, . (3.70)

It can be easily verified that a sufficient condition for (3.70) to hold for k € {—K/4+1,...,K/4—

1} is that both U{® and U{ are greater than or equal to —/f/(1 + tan(3 — 27)).

Using this knowledge, we can split the expectation over U; in (3.66) into integrals over four

regions such that in at least one of the regions the integrand is non-negative. For any u < 0,

K/4

we have
k=—K/4+1
K/4

5(7):/ / P Pl Ex X+ S 2c0sh Y,
/ / DEx[...|du' du! +/ / DEx[...|du du!
/ / DEx[.. .|duf du!

(2)/ / DEx[. . .|duf du! +/ / Y (=1) du® du’
/ / N (-1) du' du’ +/ / u!) (—1) du® du!
(i)

= I — Q(|ul)* — 2[1 — Q(Ju))] Q(lul)
> I — 2Q(|ul), (3.71)

2 cosy, - sinh Yy,

UIR =u¥, Ull = uI] du du?

where I is the integral over the first region. Step (i) is obtained using (3.69), and step (ii) using
UR UL X i N(0,1), and defining Q(z) = fxoo \/% e=#*/2dz to be the upper tail probability of
the standard Gaussian distribution.

From (3.70) and the discussion surrounding it, when u = —/fi/(1+tan(3—2%)) = —/i/(1+

cot(22)), the integrand of I is non-negative, and we therefore have the following lower bound
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for £(7):

2(1+ cot(%ﬁ))

(Kjw)*ﬂ”w:ﬁ%»2 : (3.72)
2 In(K M)

E(r) = —2Q(luf) = —

where the second inequality is obtained using the bound Q(z) < ﬁe*"ﬁ/ 2 for x > 0.
The lower bound of £(7) in (3.72) applies for all v > 0. We now show that for v > 2, one
can obtain a better lower bound which shows that £(7) approaches the upper bound of 1 with
growing M. We do this by using a different choice for u to split the expectation over U; in

(3.66) into integrals over four different regions. Let

oG-l VR (3.73)

1+ cot(3Z)
Then, for any « € (0,1) and v > 2, when U{* > u and U{ > u we have

a(y —1) 1 + tang

Ul cosy, +UT sing, > — CoSg, - .
1 cosg +Uj sing > —/ju cosg 1+ tan(z - Z)

> —\/p cosy, (3.74)

for % +1<k< % — 1. Thus, under these conditions, (3.70) holds and the integrand of Iy
in (3.71) is non-negative. In the following lemma, we obtain a stronger lower bound on I; for

v > 2.

Lemma 3.6.1. When u = _Q(E_l) 1+c:)/tﬁ(2—77) for any a € (0,1), v > 2 and K > 4, the I term
K

in (3.71) can be lower bounded as follows:

I > 1-3Q(lul) — 20K M)~ — (KM)#~% — (K — 2)(KM)~"=—),  (3.75)
where
al¥ -1
B —l—(iot(%) (8.76)
2* = zcos (%r) + (v — 2z)sin (2%) (3.77)

The proof is given in Section 3.6.3.
Applying the result of Lemma 3.6.1 into (3.71), we have, for any « € (0,1) and v > 2,

E(r) >1—5Q(u|) — 2(KM)~2 — (KM)* 2% — (K — 2)(KM)~ =)

2(-1ias) eany ()

21— 5Q(|ul) — 2(] M)

—,,_ 04(%—1) _ 27 04(7—1) i (2T
(l/ 1+cot(277r))(1 cos( ))-l— b3 sin( %)

— (K - 2)(KM)

— (1 )(k—-1
>1-5Q(|ul) — (KM) ( 1+c0t(27ﬂ'))(2 )
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7(1/ 2(5-D )(17005(27“)}% o(g-1 -sin(%)

_ K(KM) 71+c0t(2777) 1+cot(2%)
_ a2(%—1)2
.. v co 27 1y2 [ v
(;) - 5¢/v(1+ cot(2Z)) (K M) 2v0+eotFD B (KM)—(lfHT(Q%))(afl)

(v/2 —1)ay/27 In(K M)

k(g ) D=4 O+ i) o O )| . (3.78)

where (i) is obtained using the substitutions (3.76) and (3.77), and (ii) from using the bound

Qx) < ﬁe*‘”zﬂ for z > 0 (noting that u < 0 for v > 2), and rearranging the exponent of

the last term as follows. Dropping the arguments of sin(-), cos(-) and cot(-) for brevity, we have

v

a(y — 1)) a(s —1) |
_ 2 ) (1— 2 7/
(y 1 + cot ( cos) + 1+ cot St

L a/2-1) a(v/2-1) sin

= — 1—
( cos) 1+ cot 1+cot 1-—cos

= —(1 — cos) V(l — (1(_):_/(:2()t)<1 + 7 iiréos>) + a +aCOt) (1 + 1 jh;os)]

1 1
= —(1 — cos) I/(l—g<1—|—7, ))—i—a(l—i—i, )
2 sin + cos sin + cos

For any ¢ € (0, %), we consider the case v > 2 4+ § and choose a = 1 — d. With this choice,

the exponent of the last term in (3.78) can be bounded as follows:

v[1- g(l + (sin(27/K) + cos(2n/K))")] 4+ a(1 + (sin(27/K) + cos(2r/K)) ")
>245 [1 - % (1 + (sin(27/K) + cos(27r/K))_1)]
>240(1 —a) =2+ 6% (3.79)

where the second inequality holds because sin(2Z) + cos(2%) > 1 for K > 8.

Using (3.79) in (3.78) along with ¥ — 1 > $ and a = 1 — 4, we obtain

E(r)
_% 56 seon(22)
2 v (1eot(3F))? _3(teot(3))
> 10\5(1 acog()lgr));Kf\J()I(M) 1% ¢ B (KM) 2(1+cot(%)) . K(KM)7(2+62)(1*COS(2%))
—8)8y/2nIn(K M)
n§2
2 T (goot(Z5))2
>y LHtGIEAD TR e genry-2ees o) (3.50)

d/In(KM)

2
where Kk < (1;5) is a suitably chosen universal positive constant (for M sufficiently large). For

the second inequality we used 1 —9§ > % and the fact that v can be upper bounded by a positive
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(1-9)*

constant (3.57). Comparing the exponents of the last two terms of (3.80), using k < g >,

§ €(0,3) and v > 2, we have

K02 (1 —0)262 1 B 1 — cos?
(1+ cot(2%))? < 81/(1 + cot(3%))? < 356 (1+cosy /sing)2 256 (sing + cos;)?
(1 —cos1)(1+cos1)  2(1—cosy) _ 2(2+ 02)sin?(n/K)
= 256 (sing 4 cosy)? < 256 < 256 ’

where we have used the notation cos; = cos(27/K) and sin; = sin(27/K). The second last
inequality above is obtained using cos; < 1, and (siny +cos;)? = [v2sin(§ + 2Z)]? > 1 for
K > 8. Therefore, the exponent of third term is more than 256 times larger than that of second
term (in absolute value).

Summing up, we now have two lower bounds on £(7) for different values of v. When v < 24§
we have (3.72), and when v > 2 + ¢ we have (3.80). By applying them to the state evolution
equation it = 1 — £(7!), we obtain the required result for the K > 8 case. The results for
the other cases (K = 1,2,4) use similar arguments and are explained below.

K = 1: There is only one constellation symbol ¢y = 1 which has no imaginary part. There-

fore, all imaginary parts in the expression of £(7) disappear as shown below.

eV In(M)++/vIn(M) vl
euln )++/vIn(M U1 +Z \/zzln UR

E(r)=E

where U, ..., UE big N(0,1). The above expression is the same as that given in [57, Eq. (A.2)].
Therefore, we can obtain the result from following the steps in [57, App. A].

K = 2: In this case there are two constellation symbols ¢g = 1 and ¢; = —1, which are
both real. We follow steps similar to those used to obtain (3.71) in the K > 8 case to obtain
the following lower bound on &£(7) for any u < 0

£(r) = E [ 2sinh(p + /pUT) ]

2cosh(p + /pUP) + ij\/ﬁz(e\/ﬁUf + eiﬁUﬁ)

2sinh(p + /R U)
1 2cosh(p+ /pU) + X

o0 u

p(u)Ex [... |U1R:u]du+/ p(w)Ex [... |U1R:u]du

—00

/OOP(U)EX[---|U1R=u]du+/u p(w) (~1)du 2 1, — Q(lu)), (3.81)

—00

v
=
=

where = vIn(2M), X = Z] 2(e\f J \/EUJR). Step (i) is obtained using \72;21}111(1; < <1

for any x, and step (ii) holds since u < 0.
Similar to what was done in (3.72) for the K > 8 case, we choose u = —/;t = —+/v In(2M)
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so that the integrand of I; is non-negative, and obtain the following lower bound on £(7) for

all v > 0.

M (2M)E

®
£(r) = —Q (v/vIn(20D)) > V2mvn@M)’

where the labelled inequalities are obtained as follows: (i) I; > 0 when v = —,/j, and (ii) using

(3.82)

the bound on the tail probability of a standard Gaussian.
The lower bound on £(7) in (3.82) applies for all values of v > 0. To obtain a better bound
for v > 2 which shows that £(7) approaches 1 with growing M, we choose

Lol v ) In(2M)

14

(3.83)

for any a € (0,1), and then using this choice of u in (3.81) to obtain a lower bound for I;. We
obtain the following lower bound on I; by following similar steps to the proof of Lemma 3.6.1
given in Section 3.6.3. Recall that Lemma 3.6.1 obtains a lower bound on I; for v > 2 in the
K > 4 case.

I >1—Q(u|) — 2 (2M)~(@-avi2a) _(gpn)~(-a)(z=1) (3.84)

Using (3.84) in (3.81), we have the following lower bound on £(7) for v > 2 and u taking the
value in (3.83).

_a2(%71)2
£(r)>1- 2/v(2M) 20 _9 (QM)_((Q_Q)V+2(1) . (QM)—(I—Q)(%—l)’ (3.85)
(% — 1)y/27 n(2M)

where we used the bound Q(x) < ﬁe‘fﬂ/2 for z > 0.

For any ¢ € (0, %), we consider the case v > 2+ § and choose a = 1 —§. Plugging these into
(3.85), we have

52(1-6)2 2
— o 2 —H26

E(r)>1-— Av(EM) — 2(2M) ") _(op) T > 1 - %, (3.86)
(1 —=96)y/2mIn(2M) 04/In(2M)

for sufficiently large M and a suitably chosen universal positive constant k9. The second in-
equality is obtained by noting that 1 —§ > % and that v can be upper bounded by a positive
constant (3.57).

By applying the two lower bounds (3.82) and (3.86) to the state evolution equation i+l =
1 —&(¢) for the v <2+ 6 and v > 2 + § case respectively, we obtain the required result for
K =2.

K = 4: The arguments for this case are essentially the same as that for the K > 8 case,

noting that tan(3 — 2%) = cot(3Z) = 0 and cos(3%) = 0 for K = 4.
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By following the same arguments from (3.59)—(3.72), we obtain the following lower bound

for £(7) for any v > 0,
ey > 24

~ \/2mvIn(4M)

To obtain the improved lower bound for the v > 2 case, we follow the same arguments from

(3.87)

(3.74) to (3.80) and arrive at the following. For any 6 € (0,3) and v > 2+ §, we have

_(1-5)%52

10y/v(AM)™ s 2 Cogr o, (4M)TR
(1—06)d,/2nn(4M) (M) A(4M) = n(40M)’

for sufficiently large M and a suitably chosen universal positive constant k3. The last inequality

E(r)>1-

(3.88)

is obtained by noting that 1 — § > % and that v can be upper bounded by a positive constant
(3.57).

By applying the two lower bounds (3.87) and (3.88) to the state evolution equation {t! =
1 —&(7d) for the v <2+ 6 and v > 2 + § case respectively, we obtain the required result for
K =4.

3.6.3 Proof of Lemma 3.6.1

From (3.71), we have

I :/uoo me(uR)p(ul)Ex

EkK:/ZiKMH 2 cosy, - sinh Y},

K/4
X+Za:/_K/4+12coshYa

Uf% = uR,U{ = uI] du® du?,

(3.89)
where cosy, Yy for k € {—K/4+1,...,K/4} and X are defined in (3.60), (3.67) and (3.68)
respectively, K > 4, and p(uR), p(uI ) are standard Gaussian densities. We aim to lower bound

I; with u taking the value

Q:

3.90
1+ cot(22) (3.90)

for any o € (0,1) and v > 2. Recall from the arguments around equation (3.73) and (3.74) that
the integrand of I is non-negative for v > 2 with this choice of u.

Using Jensen’s inequality for the expectation in (3.89), we obtain

0 [0 2 cosy, - sinh Yy,
I > R I Zk d Rd I
1_/u /u plu”)plu )]EX+Za2coshYa woa

Oop(uR)p(uI) > 2cosg -sinh Yy,
u (KM)'2 43 2coshY,
[ patpd) ELLIRG

u (KM)*2 43, 2coshY,

[e.e]

du® du’

VZ
S~ |
g\\

ii

du®t du?, (3.91)

Ve
:\ [

where in the above, the summations over a and k go from —K/4+1 to K/4 and are omitted for
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brevity. Inequality (i) is obtained as follows using the definition of X in (3.68) and the moment

generating function of a standard Gaussian:

M K M K M K
EX:ZZE HCOSbUR]E ,usmbUI Zze% CoskJrsmk :ZZ(KM>% <(KM)1+%,

=2 b=1 =2 b=1 =2 b=1

where we have used p = vIn(KM). Inequality (ii) in (3.91) is obtained by taking only the k = 0
term in the numerator’s summation, recalling that cosy and sinh Y}, for k € {—K/4+1,..., K/4}
are all non-negative when Uf2 > u and Ull > u.

Next, we further lower bound I; using the fact that the term 2sinh ¥o in (3.91)

(KM)'* 243, 2cosh Ya)
is a strictly increasing function of U{*. (Recall from (3.67) that Y} is a function of U{* for each

k.) To see that the term is increasing in U{*, we write

2sinhY0 o fnum
(KM)'ts + > ,2coshY,  fden ’

fi= (3.92)

and show that df/OUf > 0. Since

aaUJZR - (8;5?  faen = foum - %@?) / (fim), (3.93)

we show below that 2 . fyo — foum - 2452 > 0. Indeed,
1 1

afnum 8fden
an% fden fnum 8U1R

= (2y/f cosg cosh Y) (K M)z + Z 2coshY,) — (2sinh YO)(Z 2,/ cosg sinh Yy,
a

sinh Y{ .
p— Y?) cos, sinh Yy, )]

=2\/ficosh Y - [(KM)**2 42 Z(coshYa -

= 2/ficosh Yy - [(KM)*2 42 Z coshY, - (1 — tanh(Y)) tanh(Y,) cos,)] > 0. (3.94)

In the above, the summations over a go from —K/4 + 1 to K /4. The inequality in (3.94) holds
because 0 < cos, <1 fora e {—K/4+1,...,K/4}, and |[tanh(z)| < 1 for all x € R.

Using the fact that the integrand in (3.91) is strictly increasing in U{*, we further bound
I; from below using the minimum value of UlR in the range, i.e., UlR = u where u is given by

(3.90). Using the expressions for Yy and Y, from (3.67), and the substitution

_ (et oy a5

-1)
m(KM) 1+ cot(2E) (3.95)
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the RHS of (3.91) is lower bounded as

L > / N /u " b plu) (KM)™5 + zaiifﬁ[;ﬁi%?msa /i sing] i
200 [0 G seoomiz ) o g
> Q(u) /u () (KM)™5 + zfzscizfifjﬁﬁ cOSq +/fitising] "
2 Qw /u 0 (KM% + ?18 Thf(z;gl.(é\ii]sh[z In(KM)]
= Q(u) A_up(u) L1 (KM) 2 + (Ki\/[_)fi]z)j;(u)(l + (KM)~2%) du

Y Q) [ plu) [ — (KM))[1— (M) — (KM)™5 — A@w)(1 + (KM) %)) du
> Q) [ pw) (1 - 20600) % = (AT - A1+ (KM) )] du

Y o / () [1— 20K M) — (KM% - (1 — 2)(KM) =] du

Y 11— Q(ul)] [1 — 2QJul)] [L — 2(K M)~ — (K M)*57 — (K — 2)(K M)~

(
>1-3Q(u|) — 2(KM)™% — (KM)"27% — (K — 2)(K M)~ %", (3.96)

u
u
The labelled steps are obtained as follows: (i) recalling that U{* ~ N(0,1) and dropping the

superscript on u! for brevity; (ii) introducing the substitution

Au) = Z cosh[z In(K M) cos, +,/piusing]

cosh[z In(K M)] ’ (3:97)

a€{—K/4+1,....K/4}\0

(iii) using 14%3: > 1—x for x > 0, noting that A(u) > 0; (iv) from the upper bound on A(u) for
|u| < —u shown below in (3.98); and (v) from recalling that p(u) is the density of a standard
Gaussian and noting that v < 0.

To complete the proof of the lemma, it remains to show the upper bound on A(u) that is

used in step (iv) of (3.96). Using the definition of A(u) in (3.97), for |u| < —u we have

—~
=

Au) é Z cosh[z In(K M) cos, +/p|ul| sing []

a€{—K/4+1,....K/4}\0 cosh[z In(K M)]

- ¥

a€{—K/4+1,....K/4}\0

cosh[z In(K M) cos, —1—% In(K M)|sin, ]

cosh[z In(K M)]

(i) (K 1) maXae(1,... i /43 cosh[z In(K M) cos, +(v — z) In(K M) sin,]
2

= cosh[z n(K M)]
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—(z—2%) 1+ (KM)_2Z*
1+ (KM)-2

(i) (5 )cosh[z* In(KM)] (K

=2 7Y coszm(kan)] 3 M)

() (K — 2) (K M)~(z=2")
= 1+ (KM)=2=

(3.98)
where the labelled steps are obtained as follows: (i) for u > u, we know
zIn(K M) cosq ++/pusing > 0

and that cosh(z) is an increasing function for x > 0; (ii) using (3.95) and noting that taking
the maximum over a € {—K/4 + 1,...,K/4}\0 is the same as taking the maximum over
a €{l,...,K/4} since cos, = cos_, and |sin, | = |sin_, |; (iii) holds because the maximum is

achieved with a =1 (shown below) and defining z* as

2* = zcos (2%) + (v — 2)sin (2%), (3.99)

where 2 is defined in (3.95); and (iv) using 1 + (K M)~2*" < 2 since 2* > 0.

In order to show that a = 1 achieves the maximum of

fi(a) := cosh[zIn(K M) cos, +(v — z) In(K M) sin,|
11

— cosh [u 1n(KM)<(1 - 1f<§02t(_27¢/)K)) cosq +1f(%t(_27§/)m sing >] (3.100)

fora € {1,..., K/4}, we show that f{(a) < 0 for all @ in this region. Since cosh(x) is increasing

function for x > 0 and the argument of the cosh term in (3.100) is non-negative, we only need
to show that fi(a) <0 for all a € {1,..., K/4}, where

alz —3) a(z =)

S 72— By BTN N 3.101
1+ cot(27r/K)> S T eot(an /) S (3-101)

fa(a) == <1

For o € (0,1) and v > 2, we have

27 . [27a 1 1 1+Cot(2“7“)
B PWEO]WESRAPRERCE o B
2 v 1+C0t(y)

2ma
which is negative for a € {1,...,K/4} since sin(Q%a) > 0 and i%t((g)) <1 for K > 4 and
K

a € {1,...,K/4}. This completes the proof of (3.98), and hence the lemma.
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3.6.4 Proof of Proposition 3.4.2

Recall that ¢! = 1 — £(7!) where £(7!) is defined in (3.16). We obtain the required lower
bound for ¥{*! by obtaining an upper bound for £(7). In this section, we drop the dependencies
on the column block index c and the iteration index t in our notation for brevity, e.g., we simply
denote v¢ by v.

We will use the following concentration inequality for the maximum of N i.i.d. standard

Gaussian random variables Zi, ..., Zy. For any € € (0,1),

—A\Ne2—e)
P ( max Z; < V2InN(1— e)> < exp (), (3.102)
1<j<N Vin N

where X is a universal positive constant.
We will prove the required result for the K > 4 case. The K = 1 was proved in [1, Lem. 4.1].
The K = 2 case uses similar arguments as the K > 4 case so we omit the details.
Using the same steps and notations in (3.59)—(3.68), we have that
K/4

k=—K/4+1

K/4
X+ 20l k4 2coshY,

2 cosy, - sinh Yy

E(r) = By, Ex Uy | . (3.103)

We will obtain an upper bound for £(7) using the fact that the term inside the expectation
in (3.103) is strictly increasing in U{* (the real part of U; ~ CN(0,2)). (Recall from (3.67) that
Y is a function of U for each k.) To see that the term is increasing in U{, we write

K/4

k=—K/4+1 . fnum
ot (3.104)

- X+Za:_K/4+12COShYa B fden’

2 cosg, - sinh Yy,

and show that f/OU* > 0. Since

a(zf]iR - (8;5? faen = foum - ?;?)/(fgen), (3.105)

we show below that 2 . fyo — foum - 2dse > 0. Indeed,
1 1

afnum . 8fden
OUF oUT

= (Z 2/pi cosi cosh Y3, ) (X + Z 2coshY,) — (Z 2 cosy sinh Yk)(z 2/ cosg sinh Yy,)
k a k a

fden - fnum :

X
=4/ [2 -( g cosj cosh Yy) + ( E cos; cosh Yz)( g coshY,) — ( g cosy, sinh Y3,)?
k k a k

Q) X .
> 4/u [2 : (Zk: coss cosh Yy,) + (zk: cosy, cosh Y)? — (zk: cosy, sinh Y3,)?
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(i) X
> 4/ 5 (zk: coss cosh Yy) > 0,

where (i) is obtained using the Cauchy-Schwarz inequality and (ii) from 22 —y? = (z+y)(x —y)
and cosh(z) > |sinh(x)]| for all .

Since the term inside the expectation in (3.103) is strictly increasing in U{* and upper
bounded by 1 (see (3.55)), we have the following upper bound on &(7). Recall that U{t, U{
N (0,1) and let @ be positive scalar variable that will be specified later. Also let o € (0,1)
be a constant that will be specified later.

E(1) (g) P(UE > a)-1

K/4 K4+ 2 cosy, - sinh((p 4 /i) cosy, —i—\fUl sing,)

P(UT <) -EyiEx X7
i X+ Za:_K/4+1 2 cosh((p + \/Ri) cosq ++/pU{ sing)

(ii) f_/ziKMHQcosk-sinh(...)
< (ﬂ) +E M K f[U; cosp +U7 sin ] K/4
D = 2oy €V TR 4 5 8 T kg 2 C0sh(. )
K/4 .
(iii) 2 cosy, - sinh(. . .
< Qi) +E S L)

(max2<j<M eV Vln KM UR) + 25(7/4 K/4+1 2COSh(. . )
< Q(a) —HP’( max UR <V2InM(1—- aé))

2<j<M
K/4 .
/ 2 cosy, - sinh(. . .)
—HP’( max UR> W(l—aé)) Eyr AR K/i
2<j<M Ui MV2v(1—ad) +Z K/4+12cosh(...)

(ISV) Q(ﬁ) i e_)\(\/W)—IMaS(QfaS)

k;K:/A:K/4+1 2 cosy, - sinh((p 4 /@) cosg ++/aUY sing,)

MV2v(1-ad) 4 252/4_1{/4“ 2cosh((p + /pit) cos, ++/pU] sing)

. (3.106)

~2*/2 4 is the upper tail probability of the standard Gaussian distri-

where Q(z) = [° f
bution and the labelled steps are obtained as follows: (i) expanding Yj according to (3.67)
and letting @ > 0 be a parameter we can set later; (ii) using the definition of X in (3.68)
(note that the expectation at this step is over Uft,... UL Ul ... UL, g N(0,1)); (iii) using
u = vIn(KM) and noting that cosy—x = 1, sinp—x = 0; and (iv) using (3.102) with A being a
universal positive constant.

We further bound £(7) by noting that the term inside the expectation term on the RHS of
(3.106) is bounded by 1

5(7_) < Q(ﬂ) + 6—>\(\/1nM)—1Ma5(2—a5) —|—IP)(U1] < —ﬂ) 14 P(U{ S ﬂ) 1
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/u Zf!iK/ZLH 2 cosy, - sinh((p + \/futi) cosy, +/pu siny,)
i Y K/4 N .
—a MV2v(1-ad) 4 Zaz/fl(/4+1 2 cosh((p + /i) cosg +/pusing)

¢(u) du

(é) 3@(@) + eiA(\/W)flMozS(QfaS)

K/4

+/ﬂ k:_K/4+12sinh((,u—|—\/ﬁfL) cosy, ++/pt|u|| sing |) ) du
—i MV2v(1=0d) 4 2 cosh(p + V)

< 3@(’11) + 67)\(‘ /In M)flMag(Qfag)

K/4 _ o
k:/—K/4+1 exp((p + /pa) cosy +/pul sing |)

MV20(1=0d) 4 oxp(u + /i)

+ (1 -2Q(a)) -

< 3Q() + VI peieed LA oR( et Vi)

i ) 3.107
1+ MV2v(1=0d) . exp(—(u + VL)) ( )

where ¢(-) denotes the standard Gaussian density and the labelled steps are obtained as follows:
(i) noting that cos < 1, cosh(-) > 0, cosg=p = 1, sing—g = 0, and that sinh(-) is an increasing

function; and (ii) substituting

A= Z exp((p + /1) cosg, ++/pt| sing |). (3.108)
ke{—K/4+1,...K/4}\0

Since the RHS of (3.107) is increasing in A, we obtain an upper bound on A to further
bound &(7).

K
< (B _ _ .
A< < 5 1> ke{—K/ﬁ?,}.(..,K/zL}\o exp((p + /1) cosy ++/ptl sing |)

i) (K
g < — 1> max _exp((u + /pa) cos, ++/pusing), (3.109)

where step (i) is obtained by noting that taking the maximum over k € {—K/4+1,..., K/4}\0is
the same as taking the maximum over k € {1,..., K/4} since cos, = cos_j and |sing | = |sin_g |.
We now show that for a certain choice of @, the maximum in (3.109) is achieved with k = 1.
For any & € (0,1), let
Rad In(K M)
2(1+ cot(27/K)) v

u =

(3.110)

where % > 0 is the positive constant defined in (3.23) that lower bounds v, and é € (0,1) is the
constant defined in Proposition 3.4.2. In order to show that & = 1 achieves the maximum in
(3.109) with this choice of @, we show that the derivative of the exp(...) term with respect to
k is negative for all k € {1,...,K/4}. Since exp(-) is an increasing function, we only need to

show this negative derivative result for its argument, which we denote by
f1(k) = (1 + /i) cosg, ++/pt sing, .
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Recalling that cosy = cos(27k/K) and sing = sin(27k/K), its derivative with respect to k is

FLlk) = 27 [yt cosy -+ /i) sm] = iwmﬂﬁﬂ*G?>—@+$)]

27 i 27k 27 Rad  cot (ZE) —1
= —pusi — — | —-1)-1 . -1
K,usm;.C [\//7 <cot < % > > ] K,usmk [ 57 ot (7”) 1 <0,
where we use (3.110), p = vIn KM, recalling that K > 4, and noting that singy > 0 for
ke {l,...,K/4}, and also that cot(z) is decreasing for z € (0, J).

Therefore, using the fact that k& = 1 achieves the maximum in (3.109) when @ is chosen
according to (3.110), we have an upper bound on A which we use in (3.107) to further bound
E(7). In the following we use cot; to denote cot(27/K).

E(T) <3Q(u) + e—A(\/W)—lMaS(z—a3>

1+ (5 = 1) exp((p + /i) cosy ++/fiiising ) - exp(— (1 + /i)
1 4+ MV2v(1-ad) . exp(— (1 + /Aid))
i) 3Q(ﬁ) + e_)\(\/m)*lMag(QfoLS)

+

—~

L (5 - 1) ()| ( i )0 meos) i o

1+ MV2v(1-ad) . (KM)_<”+2<1%.~£W)

sinqg 1
F&ad I—cosy )

L (5 - 1 g0 T

= 3Q(a) +6—A(\/W)—1M°‘5(2—0‘5) I

1+ K‘(”*#%) . M@(l—(%mﬁ)—v

ii < = o —(1—cos1 )(v—F~ad
(§> 30(i) + o~ A/ B)~1 ped(2-ad) n 14 ( 1) (KM) ( 1)( )

i ratse) | v (-l mtias )) -
(2) 3(KM)_% I D T

K(”*W) + KH(”*m) (K M)~ (1—cos1)(v—rad)
22 (1-(a+5)3) v

: (3.111)

where step (i) is obtained by substituting in (3.110); (ii) is obtained by noting that for K > 4,

i 1—cos? . .
151210181 -1 _ T cos, — Si _ 1+ cosy —sing _ 1 (ﬁ B 2;7) <9 (3.112)
1+ coty cos; + sing cos; + sing cos; + sing 4 KJ) =7

and (iii) by using the bound Q(z) < e~**/2 for z > 0, and from
R < i < =
2v2v(1 4 coty) ~ 2v ~ 2

—_

(3.113)

where the inequalities are obtained using £ < v < 2 and cot; > 0 for K > 4.
Finally, from the final steps of the proof of the unmodulated (K = 1) case in [1, App. A.1],
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we know that for & = 1/64, @ = 10/32 and v € [&, 2 — 4], we have

V(1 - (a+§)5) —v > b4 =07 (3.114)

By using (3.114) in (3.111) and noting that v can be upper bounded by a positive constant (see
(3.23)), we obtain the required result: for sufficiently large M, any b€ (0,1), and v < 2 — 5, we

have
E(r) < MoKt

where agg is a positive constant depending only on K and the bounds of v in (3.23).
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Chapter 4
Many-user Gaussian multiple access

In this chapter, we study the many-user Gaussian multiple access channel (1.6) in the asymptotic
regime where the number of users L grows linearly with the code length n. (Throughout this
chapter, “asymptotic” refers to the large system limit where L and n both tend to infinity with
user density u = L/n held constant.) As introduced in Section 1.2.2, we are interested in finding
the optimal asymptotic trade-off between the signal-to-noise ratio Ej/Ny and the user density
u, for a fixed target error rate and number of bits to be transmitted per user (user payload).
Here Ej, is the energy-per-bit and Ny = 202 is the noise spectral density. Decoding performance

is measured via the user error rate (UER):

L
UER = %Z 1 {d # @0}, (4.1)
(=1

where @, denotes the message sent by user ¢ € [L], and &, is the decoder’s estimate of the
message. The per-user probability of error (PUPE) error criterion used in [32,33] and defined
in (1.10) is the expected value of the UER.

In this chapter, we analyse coding schemes based on random linear models with approximate
message passing (AMP) decoding. We derive the exact asymptotic achievable regions of these
schemes, and show that the asymptotic achievability of a coding scheme based on spatially
coupled Gaussian matrices and AMP decoding nearly matches the converse bound for a large
range of user densities (Section 4.2). To the best of our knowledge, this is the first efficient
coding scheme to do so in this multiple access regime. The spatially coupled scheme can be
interpreted as generalised time-sharing: the coupling structure specifies which users are active
during each channel use. We also analyse the performance of these coding schemes as the
user payload grows large (Section 4.3) and extend our results to complex random linear coding
schemes for the complex Gaussian multiple access channel (Section 4.4). We show that using
small random codebooks multiple times to transmit large user payloads is near-optimal at large

user densities, and adding modulation (e.g., K-ary phase shift keying) to the encoding scheme
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can increase the size of the asymptotic achievable region in such settings.

4.1 Random linear coding and AMP decoding

We consider coding schemes where the codewords of user ¢ € [L] are constructed as ¢, = Apxy,
where A, € R™P is a random matrix and x, € R? encodes the message of user £. In this

coding framework, the Gaussian multiple access channel (MAC) model (1.6) can be written as

y=Ax+ w, (4.2)
where the design matriz A € R™ B is the (horizontal) concatenation of matrices Ay, ..., Ar,
and the message vector x € REP is the concatenation of vectors x1,...,x;. We will assume

that the squared norm of each column of A equals 1 in expectation.!

The L sections of & (which each correspond to a user’s message) are drawn i.i.d. from px_..,
which is a probability mass function over a finite set of length B vectors. The per-user payload
is therefore equal to the entropy H (X gec), where Xgeec ~ px.... The codeword energy constraint

is denoted by E, i.e., we require px,.. to satisfy E||Xge|? = E < c0.

Example 4.1.1 (Random codebooks). Let px,. be the distribution over length B vectors
that chooses uniformly at random one of its entries to be non-zero, taking the value v/E. This
corresponds to a per-user payload of logy B bits. Then, if the entries of the design matrix A are
iid. N(O, %), in the coding scheme each user selects one-of-B random codewords of expected
energy E[||c¢||?] = E = Ejlogy B. In the rest of the chapter, we denote the choice of px_.. used
in this example by p;.

Example 4.1.2 (Random codebooks with binary modulation). Let px.. be the distribution
over length B vectors that chooses uniformly at random one of its B entries to be non-zero,
taking values in {i\/E} with equal probability. This corresponds to a per-user payload of
1 4 logy B bits. Then, if the entries of the design matrix A are i.i.d. N(0, %), in the coding
scheme each user encodes logy B bits in the selection of one-of-B random codewords, and an
additional 1 bit in whether to flip the sign of the codeword. When B = 1, this coding scheme
corresponds to random code division multiple access (CDMA) with antipodal signalling. In the

rest of the chapter, we denote the choice of px_. used in this example by pa.

4.1.1 Spatially coupled coding schemes

Spatially coupled matrices constructed via base matrices are described in detail for the SPARC

construction in Section 2.1, we will give an overview of the construction here in the context of

!Compared to earlier chapters, this chapter uses @ instead of 8 to denote the message vector, and B instead
of M to denote the size of each section of the message vector. This is done so that our notation is compatible
(and not easily confused) with existing notation in the many-user Gaussian MAC literature.
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coding for Gaussian MACs. A spatially coupled (Gaussian) design matrix A € R™*B is divided
into R-by-C equally size blocks. The entries within each block are i.i.d. Gaussian with zero mean
and variance specified by the corresponding entry of a base matrix W & REXC. The design
matrix A is constructed by replacing each entry of the base matrix Wi, by an (n/R) x (LB/C)
matrix with entries drawn i.i.d. from N (0, W\./(n/R)). See Fig. 2.1 for an example. Hence, the

design matrix A has independent Gaussian entries

1 . .
Ajj NN(O, n/RW,.(i)c(j)>, for i € [n], j € [LB]. (4.3)

The operators r(-) : [n] — [R] and c(+) : [LB] — [C] in (4.3) map a particular row or column
index to its corresponding row block or column block index. We require C to divide L, resulting
in L/C > 1 sections per column block.

The entries of the base matrix W must satisfy 25:1 Wye =1 for ¢ € [C] to ensure that the
columns of the design matrix A have unit norm in expectation. The trivial base matrix with
R = C =1 (single entry equal to 1) corresponds to the design matrix with i.i.d. A'(0, 1) entries.
In this chapter we will consider a class of base matrices called (w, A, p) base matrices [1,2]. (Note
that the definition differs slightly from that in Definition 2.1.1 for spatially coupled SPARCs

due to the different constraint on the base matrix entries.)

Definition 4.1.1. An (w, A, p) base matrix W is described by three parameters: coupling
width w > 1, coupling length A > 2w — 1, and p € [0, 1) which specifies the fraction of “energy”
allocated to the uncoupled entries in each column. The matrix has R = A + w — 1 rows and
C = A columns, with each column having w identical non-zero entries in the band-diagonal

region. The (r,c)-th entry of the base matrix, for r € [R],c € [C], is given by

1;—” ifc<r<c+w-—1,
Wi = (4.4)
27 otherwise.

>

When p = 0, the base matrix has non-zero entries only in the band-diagonal region. For
example, the base matrix in Fig. 2.1 has parameters (w =3, A =7, p =0).

Each entry of the base matrix corresponds to an (n/R) x (LB/C) block of the design matrix
A, and each block can be viewed as an (uncoupled) i.i.d. Gaussian design matrix with L/C

sections, code length n/R, and user density

L/C R w—1
Minner = ﬁ = EN = <1 + A) . (45)

Since w > 1 in spatially coupled systems, we have p < pinner- This difference is often referred to
as a “rate loss” in the literature of spatially coupled error correcting codes [2,14,15,131], and

becomes negligible when A is much larger than w.
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Figure 4.1: An example of how 25 users communicate over 35 uses of the channel using the multiple
access scheme based on a spatially coupled design matrix constructed using an (w =3, A =5, p = 0)
base matrix. A red dot in the 2D grid represents a certain user being active during a certain time instant
and empty squares represent silence.

The spatially coupled coding scheme can be viewed as block-wise time-division with overlap.
Consider a scenario with L = 25 users, n = 35 channel uses, and a spatially coupled design
matrix constructed using an (w = 3, A =5, p = 0) base matrix W € R1X5. Each block of the
design matrix corresponds to 5 channel uses and 5 users. Fig. 4.1 shows how users communicate
using this multiple access scheme, assuming the code dimension is time and that each channel
use corresponds to one time instant. A red dot in the 2D grid represents a certain user being
active (transmitting) during a certain time instant, and empty squares represent silence (no
transmission). For example, users in the first column block (users 1 to 5) will transmit during
time instants 1 to 15 (corresponding to the first w = 3 row blocks) but silent afterwards; users
6 to 10 will transmit during time instants 6 to 20 but silent otherwise, and so on.

Users within the same column block transmit simultaneously over w = 3 row blocks of time
(15 time instants), and users in neighbouring column blocks overlap in w — 1 row blocks of
time. At each time instant, w = 3 column blocks of users (15 users) simultaneously transmit
(less users at the initial and end time instances), but the set of active users gradually shifts
over time. Thus, this multiple access scheme can be seen as a (block-wise) time-division with
overlap scheme. When w = 1, there is no time overlap (no coupling) between neighbouring
blocks of users and each block of users communicates using an i.i.d. Gaussian matrix. When A
is large with respect to w, users are silent for most of the transmission period (n channel uses).
This facilitates low-complexity encoding and decoding (e.g., the sliding window AMP decoder

introduced in Section 2.6).
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4.1.2 AMP decoding and state evolution

We consider an efficient AMP decoder that aims to reconstruct the message vector & from the
channel output y. The design matrix A, the base matrix W, the distribution px_._., and the

2 are known to the decoder. The AMP decoder we now describe is

channel noise variance o
almost identical to the AMP decoder for spatially coupled SPARCs described in Section 2.2,
albeit with a slight change in the scaling of certain variables related to the energy FE, and
considering the user density p instead of the code rate R.

The AMP decoder iteratively generates message vector estimates ! € REE for iterations

t=1,2,... as follows. Initialise 2° to the all-zero vector, and for ¢ > 0, iteratively compute:

2=y — Azt + ' 0 2L,

4.6
T — Ut(ibt + (ét o) A)*Zt). ( )

Here ® is the Hadamard (entry-wise) product and quantities with negative iteration indices are
set to zero. The vector ¥ € R™ and the matrix é € R"*LB will be described in terms of the

following state evolution parameters.

State evolution The performance of the AMP in the large system limit (L,n — oo with
i = L/n held constant) is succinctly captured by a deterministic recursion called state evolution
(SE). State evolution iteratively defines vectors 7%, ¢' € RR and 7¢, ' € R as follows. Initialise
Y = E for ¢ € [C], and for t > 0, iteratively compute:

C
’Yf = Z WI’C¢£7 ¢£ = 0-2 + #inner’yf, r e [R], (4‘7)
c=1
R 1 -1
e = [Z ¢?] T =mmse(1/7)),  celd] (4.8)
r=1 r

where finper = %M from (4.5), and

2
mmse(1/7) = E HX “E [X | Xoeo + ﬁz} H (4.9)
i i \/221 .
E(l1-E = if Xgee ~ p1,
i _e\/Ezl te E/T B, V27 " '
_ (4.10)
sinh(E—l—\/EZﬂ .
E|1-E = - if Xgec ~ p2,
L i _cosh(§+\/§Zl)+ZJB:2 cosh(\/gzj) sec ™~ P2
where Xgee ~ px... and Z = [Z1,...,Zp]| is a standard Gaussian vector independent of X gec.

Recall that p; and py are described in Examples 4.1.1 and 4.1.2.

The vector ¥ € R" and the matrix ét € R™LB in (4.6) both have a block-wise structure
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and are defined using state evolution parameters as follows. For i € [n] and j € [LB],

. t t
st Hinner Tr(i) 5t <)

I G gt
¢’r(z‘) ¢r(i)

(4.11)

where we recall that r(i) and c(j) denote the row and column block index of the i-th row entry

and j-th column entry, respectively. The vector DY is defined to be all-zeros.

Denoising function In each iteration, the AMP decoder (4.6) produces an effective observa-
~t
tion 8! = '+ (Q ®A)*z!, which has the following approximate representation: for an index j in

column block c of the message vector @, we have s} & x; +/7¢Z;, where {Z;} iid. ~ N(0,1).

The estimate x'*! in (4.6) is then the minimum mean square error (MMSE) estimate of x

given s’

, computed using the assumed distribution. This leads to the following definition of the
denoising function ' = (nt,...,n% 5) in (4.6): for index j in section ¢ € [L], which we denote

by j € sec(¥),

77;‘(8) =K |:(Xsec)j | Xsec + \/Tct(j) Z = 34 (4.12)

exp (Sj \/E/Tj(]-)>
E -
vVE 2 iesec(t) XP (Si‘/E/TctU))
_ (4.13)
(s VE/R,)
vVE 2 iesec(e) Cosh (5“/%/7—;(3'))

if Xsec ~ P1,

if Xsec ~ P2,

where we recall that the ¢-th section of a vector s € RLP is denoted by s, € RE.

Hard decision estimate In addition to «!*!, the decoder can also produce a hard-decision

maximum a posteriori (MAP) estimate from s’, which we denote by &'*1. For section ¢ in

column block ¢ € [C], the ¢-th section of this hard-decision estimate is given by

:E:Z-H = arg max IP’(XSeC — | Xgee + \/EZ — 32), (4.14)
x'eS

where S is the support of px ... When Xgec ~ p1, index j € sec({) of this hard-decision estimate

is given by

VE if st > st for all i € sec(/ 3
= ;o (O\S (4.15)

0 otherwise.
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When Xee ~ p2, index j € sec({) of this hard-decision estimate is given by

sign(s;) - VE if \32] > |st] for all i € sec(?)\J, (4.16)
0 otherwise.

AMP and SE for i.i.d. Gaussian A For the special case where the entries of the design
matrix A are i.i.d. N'(0, L), the AMP decoder (4.6) and the state evolution (4.7)-(4.8) can be
simplified. The AMP decoder initialises the message vector estimate x° to the all-zero vector,

and for ¢ > 0, iteratively computes:

t
Mﬁi 2,

T (4.17)
't =l (x' + A2,

2=y — Azl +

where quantities with negative iteration indices are set to zero. The scalars 7t and ! are
given by the state evolution. The state evolution initialises ¥/° = E, and for ¢ > 0, iteratively

computes:

=0 +

(4.18)
Y = mmse(1/7Y),

where the mmse function is defined in (4.9). Furthermore, when the design matrix has i.i.d.

Gaussian entries, the denoising function n' in (4.12) and the hard-decision estimate & in

(4.14) are defined using the state evolution parameter 7! as the effective noise variance.

4.2 Asymptotic UER achieved by AMP decoding

We now characterise the asymptotic user error rate (4.1) achieved by coding schemes based on
i.i.d. and spatially coupled Gaussian design matrices with AMP decoding. These results are

stated in terms of a potential function.

4.2.1 Potential function

Consider the single-section Gaussian channel with noise variance 7:
S; = Xsee +VTZ, (4.19)

where Xgee ~ px... and Z € RE is a standard Gaussian vector independent of Xge.. The

potential function for the random linear system (4.2) with user density p = L/n and channel
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noise variance o2 is defined as

Fp,0%,9) = I(Xsee; Sr) + 21;1 [ln ( . ) - ’w] , (4.20)

o2 T

where 1) € [0, E], 7 = 0 + ), and the mutual information I(Xge; S;) is computed using the
channel (4.19). If Z = [Z,...,Zp], then for the specific choices of px . given in Examples
4.1.1 and 4.1.2, we have

L 4+mB-Eh [exp (% + \/§21> + Z}B:Q exp (\/?ZJ):| if Xsec ~ p1,
I(Xsec;ST) =

EilmB-El [cosh (2+/E2) + £, cosh (\/EZJ)] i X oo ~ po.

(4.21)
Define the set of potential function minimisers (w.r.t. ¢) as:
M(p,0?) = { argmin F(u,02,1) b. (4.22)
YE[0,E]
Consider decoding X in the Gaussian channel in (4.19). The MMSE decoder
B (S)) = E[ X sec| S5l (4.23)
achieves the MMSE given by (4.9). The MAP decoder
&MAP (8 ) = arg max P(X goc = #'|S,), (4.24)
wl
achieves the minimum probability of error, given by
Po(r) = P(#he" (Sr) # Xsec) (4.25)
= B-1 _
1-F <I><\/;+Z) it X o ~ pi,
_ (4.26)

1— /_0\0/E [1 — 2@(\/§+ z)]B_lqb(z) dz if Xec ~ p2,

where Z ~ N(0,1). The functions ¢(-), ®(-) and Q(z) = [.° \/%6*22/2 dz are the probability
density function, cumulative distribution function and upper tail probability of the standard

Gaussian distribution, respectively.
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4.2.2 I.I.D. Gaussian matrices

Theorem 4 (L.ID. Gaussian matrices with AMP decoding). Consider the linear model (4.2),
with the entries of the design matriz A i.i.d. ~ N (0, %) and the L sections of the message vector
x ii.d. ~ px,,.. Leta' be the AMP hard-decision estimate of x after iteration t (defined in
(4.14)), and recall that T*,4" are outputs of the state evolution (4.18).

1) The sequences {T'}i>0 and {1'}i>0 are non-increasing and converge to fized points 77,

P where

=0 + ", (4.27)

I = max {1/1 t) = mmse(M)} = max {w : W = 0}. (4.28)

The potential function F(u,c? 1)) is defined in (4.20).
2) Fiz § > 0, and let T denote the first iteration for which 8 < 77 4+ §. Then the user
error rate of the AMP decoder after T + 1 iterations satisfies

L
1 a.S.
lim > 1{a; M # g} B P(rT) < P(rFF 4 0), (4.29)

L—oo

where the limit is taken with % = u held constant and P,(-) is defined in (4.25).

Proof. 1) We first prove that the sequence {1'};>¢ is non-increasing and converges to the fixed

point ' defined in (4.28). Then the result that {r'};>¢ is non-increasing and converges to

7P = 62 + upFP immediately follows since 7 = 02 + py! (an increasing function of 9?).

Let us consider the state evolution (4.18) as a single recursion:
P = mmse((o? + ppt) 7). (4.30)
Starting from 99 = E|| X se||* = E, we have that
P! =mmse((o? + pE) ™) < E =y°, (4.31)

where the inequality is because the trivial all zero estimate of a random section X achieves
an expected squared error of E. The mmse function defined in (4.9) is a non-increasing function
of its argument snr — this has been rigorously shown in [140, 163]. Since its argument snr =
(0% + uypt)~! is decreasing in ¢!, the mmse function is non-decreasing in !. Therefore, if
WPt < 'L, then

UM = mmse((o? + ) ™) < mmse((0? + =) 7) = .
which together with (4.31) shows that the sequence {t¢'};>(¢ is non-increasing. Moreover, if
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Pt > PP then ¢t > FP. Indeed, for any ¢t > T,
Y = mmse((0® + pg') ) > mmse((0® + ") ) = FF.

Since {t'};>0 is a non-increasing sequence bounded below by ¥ ! (noting that ¢° > ¢?) we
conclude that it converges to 1*F.
To show that the fixed points of the state evolution correspond to the stationary points of

the potential function F(u,o2,1) defined in (4.20), we compute the derivative:

OF (p,0%4p) o' 8 , J 1 1) pa)
aw - 677[) 87-11(XS€C’XSBC+\/;Z)+81/J2,u|:1n<1+O'2>0'2—|—'LM/J:|
- 1 wy
= e 2D g

_ p _ 1
©2(0% + uy)? [¢ mmse<02+u¢>]’

where the equalities are obtained using 7 = 02 + ut and the vector IlMMSE relationship [85,
Thm. 2]. Therefore, since 02 > 0 and g > 0, we have that F (u, 02,)/0% = 0 corresponds to
¥ = mmse((0? + ) 1), which is the fixed point of the iteration (4.30).
2) We now prove (4.29). For ¢ € [L], we denote by a, € RP the (-th section of a vector
a € RYB. Consider the input to the AMP hard-decision step in iteration ¢ + 1, which we denote
by st = ' + A*z! € RIP (see (4.14), (4.17)). The MAP estimator :%Z'H = :%Zﬂ(sz) in (4.14)
partitions the space R? into decision regions. For each @, in the support of px..., the decision
region is
D(x() = {s}: it (s)) = x}. (4.32)

Note that 1{z,™(s}) = z,} = 1{s! € D(z/)}.
The distance between a vector v € R? and a set B C R® is denoted by d(v, B) := inf{||v —
ull2 : w € B}. For any € > 0, define the 9, 4,1 : RE x R® — R as follows:

L, s, € D(wy),
we,—l-(va SZ) = O, d St,D X)) > €, (433)
l
1—d(s),D(x))/e, otherwise,

1, d(st, D(@)) > €,
e~ (20, 84) = 1 0, st € D(w))°, (4.34)

d(sh, D(x¢)%) /e, otherwise.
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We note that ¢ 4,1 — are Lipschitz-continuous (with Lipschitz constant 1/¢), and

Tﬁe,—(i% 3%) < 1{33 € D(CC@)} < we,+($€7sz>v

and thus

L L
1
- Z Ve (x4, 85) Z & (s)) =z} < I Z Vet (x4, 85). (4.35)
Z /=1
The results in [76] and [1,57] imply that for any pseudo-Lipschitz function ¢ : RE x RP — R,

the following holds almost surely:

lim —
L—oo L

CC@,SZ EW( sec) Tt)}v (4'36)

Mh

/=1

where Xgee ~ px... and S, ¢ is given by (4.19). This result was proved in [76] for the case B = 1,
and extended in [1,57] to the setting of sparse regression codes where the specific distribution
PX... given in Example 4.1.1 (corresponding to random codebooks) is used. The proof for more
general discrete distributions is essentially the same. In (4.36) and in the equations below,
L/n=pas L — co.

Applying (4.36) to the Lipschitz continuous functions 9 + and ) _, we obtain:

) 1
Lh_fggo 7 ; Vet (20, 80) = E{the 4 (Xsee, S7t)} as.
. (4.37)
tim - 3" (@, ) = Bt (Xuee, 80}
LI—I>I;<> I - e,—\Lr, Sy €,— secy D7t a.s.
Since € > 0 is arbitrary, from (4.35) and (4.37), we almost surely have
. t+1 —
ZE}% E{we,—(Xseca Tt)} < hLIglO%f T Z ﬂ{ ( ) iB[}
=l (4.38)
< trl(st) = < li )}
limsup 7 Z Wiy (s)) = @0} < imE{e 4 (Xsee, Sr0)}
By the monotone convergence theorem, we have
113% E{te,— (Xsec; S7t)} = P(S1t € D(Xsee)) = 1 — Po(7h),
¢ (4.39)

lim E{te + (Xsec, Syt)} =P(Srt € D(Xgee)) = 1 — Po(7).
[ d
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This completes the proof that

L—oo

L
Jim % Zl (& (s1) # @) = Po(r). (4.40)

O]

Remark 4.2.1 (Related work). In [36, Sec. IV.C], the authors analyse the error performance
of an AMP decoder to obtain an achievability bound on the minimum FE,/Ny required for
reliable communication in quasi-static fading MACs in the asymptotic regime considered in this
chapter. The essence of their AMP analysis is similar to that of Theorem 4: they analyse the
error performance of an AMP decoder for i.i.d. (complex) Gaussian design matrices via the fixed
points of its state evolution. However, the AMP decoder (and state evolution) used in their
work differs from the one we analyse in Theorem 4. Their analysis provides a bound on the
achievability of their AMP decoder, whereas Theorem 4 provides the exact achievability of our
AMP decoder. Furthermore, their bound can be numerically evaluated for large B (the section
size), whereas the result in Theorem 4 is too computationally expensive to numerically evaluate
at large B. (In our work, computing the fixed point of the state evolution or the stationary

point of the potential function each require a B-dimensional integral.)

Remark 4.2.2. Consider the setting of Theorem 4 and the (high-dimensional) MAP decoder
for the linear model (4.2), denoted by &M*P. The (non-rigorous) replica analysis in [164-166]

MAP can be analysed in terms of probability

shows that the asymptotic user error rate of &
of decoding error in the single-section Gaussian channel (4.19). Specifically, when M (u, o?)

defined in (4.22) is a singleton,

L
lim %Z 1{&MAY £z} = P.(7%), (4.41)

L—o0
(=1
where the limit is taken with % = p held constant and
™ = 0% + pM(u, 0?). (4.42)

In this setting, and when the sections of the message vector @ are i.i.d. ~ p; (which corre-
sponds to coding with random codebooks), the MAP decoder is the (joint) ML decoder which
was analysed in [32,33]. Therefore, while [32,33] provided bounds on the asymptotic achiev-
able region of i.i.d. Gaussian codebooks with ML decoding, equation (4.41) provides the exact

asymptotic achievable region.?

2 A similar result to (4.41) has been rigorously proven for the (high-dimensional) MMSE decoder for the linear
model (4.2), denoted by "5F: under the same condition on My, 0?), we have im0 +||&p™"" — 2/|* =

M(p,0%). This result was proved for the B = 1 case (z having i.i.d. entries) in both [84] and [74]. It was
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Figure 4.2: The potential function F as a function of the normalised MSE at several signal-to-noise
ratios Ey /Ny, when the user density p = 2, user payload = 1 bit, and X ~ p1 (Example 4.1.1). The
solid coloured circles represent the local and global minima of the potential function.

Example 4.2.1. In Fig. 4.2, we show some examples of the potential function F defined in

(4.20) when X ~ p1. Instead of considering the potential function as a function of o?

O'

and 1, we consider it being a function of their normalised forms: % % This allows
log

and
us to understand the potential function as a function of % since % = (2 ff— B)~!. The

corresponding potential function is as follows,

o® Yy _ . 1 p/E) p/E)
P o) = 06w+ o () - o

where the mutual information term is given in (4.21), which is a function of 7 = 0—2 + u%. In
Fig. 4.2, the potential function is shown as a function of % when B = 2, u = 2.0, and takes
on a few different values. Numerical integration is used to evaluate the expectation term in
(4.21).

Starting from the smallest signal-to-noise ratio % = 8.0 dB (blue), the potential function
has a unique minimum (stationary point) with corresponding normalised MSE (NMSE) greater
than 107!, Let us denote this NMSE by % From Theorem 4 and Remark 4.2.2; both the
AMP and MAP decoder achieve the same asymptotic UER of P.(7*), where % = %2 + ,u% and
P, is defined in (4.26) for Xgec ~ p1. At E” = 9.1 dB, there are two minima, one global and

one local. Since the global minimum and largest stationary point coincide (with corresponding

mentioned in [84] that the result would hold for general B > 1 if the MSE of the AMP decoder for spatially
coupled design matrices can be shown to concentrate around their corresponding state evolution prediction for
B > 1. Such a concentration result has since been shown in [1] for the specific distribution of px_.. in Example
4.1.1. The proof for more general discrete priors is essentially the same.
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NMSE > 107!), the AMP and MAP decoder again achieve the same asymptotic UER. At
% = 10.06 dB, there are two minima with the same potential function value. Hence, the
minimiser of the potential function is not unique. The minima at higher NMSE, which is
also the largest stationary point, can be used to calculate the asymptotic UER of the AMP
decoder (Theorem 4). For % between 10.06 dB and 15.8 dB (e.g. % = 12.0 dB), the potential
function has two minima, the global minima at low NMSE and the local minima (also the largest
stationary point) at high NMSE. The low and high NMSE value can be used to calculate the
asymptotic UER achieved by the MAP and AMP decoder, respectively. For % > 15.8 dB, there
one global minimum at low NMSE (< 1079), which can be used to calculate to the asymptotic

UER achieved by both MAP and AMP decoders.

4.2.3 Spatially coupled Gaussian matrices

Theorem 5 (Spatially coupled Gaussian matrices with AMP decoding). Consider the linear
model (4.2) with a spatially coupled design matriz A constructed using an (w, A, p) base matriz,
and the L sections of the message vector x i.i.d. ~ px,, . Let @' be the AMP hard-decision

t

estimate of x after iteration t, and recall that T8 € RS is an output of the state evolution

(4.7)-(4.8) and C= A in this setting.

1) For any (w, A\, p) base matriz, each entry of Tt € RC is non-increasing in t, and the c-th
entry converges to a fived point, denoted by T3P, for c € [(].

2) For any € > 0, there are constants wy < oo, Ay < 0o and pg > 0 such that, for all w > wy,
A> Ay and 0 < p < pg, the fized points {TCSC'FP}CE[Q satisfy

mz[xg_]c T50IP < 75 = 62 + Ypu(max M(Vp, 02) + €), (4.44)
ce
where ¥ = 1+ (w — 1)/A, and the set of potential function minimisers M(9u,0?) is defined in
(4.22).

3) Fixz base matrix parameters w > wo, A > Ao, and 0 < p < pg. Fiz § > 0, and let T' denote
the first iteration for which max. 1t < 5 FF 5. Then the user error rate of the AMP decoder

after T+ 1 iterations satisfies
L

1 a.S.
lim EZH{:BT“;A:W & ZP ) < P.(Tg +6), (4.45)

L—oo
/=1

where the limit is taken with % = u held constant.

Remark 4.2.3 (Threshold saturation). Theorem 5 shows that the asymptotic user error rate
achievable with a suitable spatially coupled Gaussian matrix and AMP decoding is bounded by
P.(Ty +6). If A > w, we have 9 — 1. Therefore, if M(u,c?) defined in (4.22) is a singleton,
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(noting that € in (4.44) can be arbitrarily small) we have

lim lim 7y — 77, (4.46)
w—00 A—o0

where 7* is defined in (4.42). Therefore, in the limit described in (4.46), the asymptotic UER of
the spatially coupled scheme with AMP decoding is bounded by P (7* + §) for any fixed 6 > 0.
This matches the (predicted) asymptotic UER achieved by i.i.d. Gaussian matrices and MAP
decoding (Remark 4.2.2).

This phenomenon, where the performance of message passing decoding in a spatially coupled
system matches the MAP (or MMSE) decoding performance in the corresponding uncoupled
system, has been shown in other applications and is known as threshold saturation [14,15,83,
134,139, 140].

Proof of Theorem 5. 1) Consider the spatially coupled state evolution (4.7)—(4.8) as a single
line recursion in the vector 4* € RR: for t > 0 and r € [R],

S S W se( Woe gy 4.47
Z cmm Z +umnerw (4.47)

For any base matrix W with non-negative entries (which includes (w, A, p) base matrices), the
result in [140, Cor. 4.3] shows that each entry of 4 is non-increasing in ¢ and converges to a fixed
point; we denote these fixed points by {W,SC'FP}FE[R}. Since the entries of the state evolution

parameter 7' are non-decreasing in {7/ },c(r|

R -1
ot [ZW] . force[d, (4.48)

—1 0'2 + ,Ufinner")/:v5

we conclude that each entry of 7! is also non-increasing in ¢ and converges to a fixed point;
these fixed points are denoted {r8“F} c(c). The arguments used in [140, Cor. 4.3] are similar
to those used in the proof of Theorem 4 to show that the uncoupled state evolution parameters
converge to fixed points.

2) The result (4.44) is obtained by using the results in [83] on the fixed points of general
coupled recursions. We now describe the steps we take to apply the results in [83]. The

uncoupled state evolution (4.18) can be written as a single line recursion:

1
Pt = mmse<02+lwt). (4.49)

The uncoupled recursion in (4.49) and the coupled recursion in (4.47) correspond exactly to [83,
Egs. (27)—(28)] when p of the uncoupled system is equal to finner of the spatially coupled system
and W is an (w, A, p = 0) base matrix. (We will discuss the implications of p being a small
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positive constant later.) Using the same arguments as in [83, Sec. VI.E], and using the vector
I-MMSE relationship [85, Thm. 2], we obtain the following result by applying [83, Thms. 1 and
2].

For p = 0 and any € > 0, there is an wy < oo and Ag < oo such that, for all w > wy and
A > Ag, the fixed point of (4.47) satisfies

min M (ftinner; 02) — € < Helﬁ?}]{ %SC'FP < max M1 (finner; 02) + €, (4.50)
r
where
Mi(s,0%) = {argmmflw,a?,w)}, (451)
YE[0,E]
Fi(p, 0? ¢)—2<I<X -,/;X +Z> —1<X -,/iX +z>
1My ) — secs 0_2 n ,Uw sec secs 0_2 sec

1 W py

and where Xgec ~ px.. and Z € R is a standard Gaussian vector independent of X eec.
Since Fi(u,02,v) and the potential function F(u,o?,) defined in (4.20) are equivalent after
removing constant scaling factors and terms that don’t depend on ), their minimisers with

respect to 1 are identical. Therefore, we can write (4.50) as

min M (finner, 02) — € < {Ielﬁg]( 'yrSC'FP < max M (finner, 02) + €, (4.53)
where M, 0?) is the set of minimisers of F(u,0?,1) defined in (4.22).

Now we consider the effect of p being a small positive constant on the fixed point of the state
evolution. We study this scenario as p needs to be lower bounded by a strictly positive constant
for the AMP concentration result in (4.45) to hold. First, the mmse(snr) function defined in
(4.9) is a smooth function of snr on (0, c0) [163, Prop. 7]. Therefore, the right-hand-side of (4.47)
is a smooth function of the entries of W. Hence, the fixed point of the state evolution recursion
(4.47) is a smooth function of p. For p > 0, denoting this fixed point by {fyrSC‘FP(p)}re[R], and

letting
SC-FP (P) o ,ySC-FP (0)|

r r

A(p) :=
(p) := max K

we have A(p) — 0 as p — 0. Consequently, the result for (w, A, p = 0) base matrices in (4.53)
holds for (w, A, p > 0) base matrices with the deviation € replaced by the slightly larger value
€ + A(p). Equivalently, since € > 0 is arbitrary and A(p) is a smooth function with A(0) = 0,
there exists a pg > 0 such that, for all p < pg, the result (4.53) holds for (w,A,p > 0) base

matrices.
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We now obtain (4.44) using (4.53). For c € [C], we have

R —1

—1
_SCFP _ Z Wie <
C - 2 . SC-FP —

—1 o+ Hinner Yy

oy Wee

o2+ HMinner MaXc[R] 7Y,

SC FP

< o? + Ninner(max M(Minneh 02) + 6)’

where the last inequality is obtained using the ZrR:1 Wy = 1 constraint on base matrices, and
the upper bound in (4.53). The result (4.44) follows by recalling from (4.5) that pinner = Ju,
where ¥ =1+ (w —1)/A.

3) We now prove (4.45). Consider the input to the AMP hard-decision step in iteration
t + 1, which we denote by s' = x! + (ét © A)*z! (see (4.6), (4.14)). For ¢ € [L], we denote by
ay € RE the ¢-th section of a vector a € REB,

The results in [100] and [1] imply that for any pseudo-Lipschitz function v : RP x RE — R,

the following holds almost surely:

C
Z se(n Tt)} ; (454)

=
S E
]
=
8
S
é”
mH

where the limit is taken with L/n = p held constant, Xsec ~ px,,. and S;: is given by (4.19).
This result was proved in [100] for B = 1, and extended in [1] to the setting of sparse regression
codes where the specific distribution px,.. given in Example 4.1.1 (corresponding to random
codebooks) is used. The proof for more general discrete distributions is essentially the same.
Then, following the same steps as (4.32)—(4.39) (using (4.54) instead of (4.36) in (4.37))
gives the desired result. O

4.2.4 Numerical results

Theorems 4 and 5 give us the asymptotic UER achieved by the AMP decoder when i.i.d. and
spatially coupled Gaussian design matrices are used. These results are given in terms of the
largest stationary point and (global) minimum of the potential function defined in (4.20). In

this section we numerically evaluate these results for certain system parameter choices.

Asymptotic UER heat map for 1 bit user payload

Fig. 4.3 plots the asymptotic UERs achieved by AMP decoding with i.i.d. and spatially coupled
Gaussian design matrices as the user density p and signal-to-noise ratio Fy/Ny is varied. We
consider the setup where each user transmits a payload of 1 bit using a codebook with B = 2
Gaussian codewords (see Example 4.1.1).

Specifically, for each (Ej/No, 1) point on a 2D grid, we calculate 0?/E = (Q%logQ B)~!

and evaluate the potential function in (4.43) for a list of )/ F values, using the first expression
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Figure 4.3: Heat maps of the asymptotic UER achieved by AMP decoding and either i.i.d. or spatially
coupled Gaussian design matrices. The user payload is 1 bit and users encode their information using
random codebooks defined by the design matrix.

in (4.21) for the mutual information term.®> We find the 1//E values at the global minimum
and largest stationary point and use them to calculate 7/E = ¢2/E + v/E, which is then
used to calculate the UER using the first expression in (4.26). Recall that the global minimum
corresponds to the asymptotic UER achieved by spatially coupled matrices and AMP decoding
in the limit of large coupling parameters described in Remark 4.2.3, and the largest stationary
corresponds to that achieved by i.i.d. matrices and AMP decoding. The colour of each grid
point in Fig. 4.3 represents the UER value.

In Fig. 4.3, we first observe that the asymptotic UER achieved using both i.i.d. and spatially
coupled Gaussian matrices are exactly the same for user densities p < 2.0. When both p and %
are large (top right section of the figures), using spatially coupled matrices achieves lower UER.
Looking at the asymptotic UER heat map of spatially coupled matrices with AMP decoding

(Fig. 4.3a), we make the following observations:

1. Fix p and increase Ej,/Np; the UER decreases as expected. However, the decrease in UER
is more gradual at low user densities, whereas at high user densities the UER undergoes
a sharp step drop: the UER is high (> 107!) for all values of Ej/Ny below a certain
threshold and then suddenly drops to a low value (< 1073) once E,/Ny exceeds that
threshold.

3The expectation term in the potential function can be evaluated using either numerical integration or Monte
Carlo methods.
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2. Fix E}/Ny and increase p; the UER increases as expected. However, the increase in UER is
more gradual at low Ej /Ny, and at high E, /Ny the UER undergoes a sharp step increase:
the UER is low (< 10~3) and roughly constant for all values of u below a certain threshold

and then suddenly increases to a large value (> 10~1) once p exceeds that threshold.

3. Consider the contour lines of constant UERs (dotted lines). At high UER (1071-1072),
as the user density p increases, the signal-to-noise ratio Ej/Nj also needs to increase to
keep the UER constant, which is expected. However, at low UER (< 10*4), as the user
density p increases, Ep/Ny may not need to increase to keep the UER constant, it depends

on whether the user density is larger than a certain threshold.

Asymptotic achievable region for fixed payload and target UER

Fig. 4.4 plots the asymptotic achievable region of AMP decoding with i.i.d. and spatially coupled
Gaussian codebooks, i.e., when the design matrix A is either i.i.d. or spatially coupled Gaussian,
and the sections of the message vector  are drawn i.i.d. from p;. Specifically, for a list of user
densities p, we plot the minimum FEj /Ny required by the coding schemes to achieve a UER of
less than 1073, when the user payload is 2 or 8 bits.

The asymptotic achievable region of the i.i.d. coding scheme is given by Theorem 4 (solid
blue lines), and that of spatially coupled coding scheme given by Theorem 5 and Remark
4.2.3 (solid green lines). We observe that the asymptotic achievable region of spatially coupled
Gaussian codebooks with efficient AMP decoding is strictly larger than the achievability bound
in [33] (black lines), which is based on i.i.d. Gaussian codebooks and ML decoding. Moreover,
in Fig. 4.4b where the user payload is 8 bits, it nearly matches the converse bound (red line)
for > 0.2. We observe that gaps between the bounds (converse, achievability, and asymptotic
SC + AMP) are much wider when the user payload is 2 bits compared to 8 bits.

At low user densities (4 < 0.80 in Fig. 4.4a and p < 0.15 in Fig. 4.4b), we observe that
the minimum FEj /Ny required by the i.i.d. and spatially coupled coding schemes is the same.
However, the gap between the achievable regions of the two schemes increases sharply for larger
. Furthermore, the shape of the solid blue curve suggests that it might be impossible to achieve
UER < 1073 with i.i.d. Gaussian codebooks and AMP decoding above a certain user density
(1=~ 1.0 in Fig. 4.4a and p ~ 0.2 in Fig. 4.4b).

We also show the simulated performance of the i.i.d. and spatially coupled coding schemes
at 500 and 5000 users, respectively (dotted lines with crosses). For a list of user densities p, the
crosses show the minimum E,/Ny at which the coding scheme achieves an average UER less
than 1073 (averaged over many independent trials). Discrete cosine transform (DCT) based
design matrices were used to reduce decoding complexity and memory usage (see Section 2.5.1
for more details). The error rates obtained using DCT and Gaussian matrices are similar for

large matrix sizes. The simulations for the spatially coupled coding scheme used (w, A = 50,

127



—— Converse [33]
2.5 —— Achievability [33]
Random CDMA + BPSK
—— SC + AMP (asymptotic)
2.04 — iid + AMP (asymptotic)
3 = SC + AMP at 5000 users
= = jid + AMP at 500 users
=
v 1.5
c
qJ B
S| T T T e
< | 7 e
.| T T
w l04+ 7 e
SET T T e
0.5 1
0.0 T T r r r r
4 6 8 10 12 14 16
Ep/No (dB)
(a) 2 bits (B = 22?)
—— Converse [33]
0.5 7 —— Achievability [33]
Random CDMA + BPSK
—— SC + AMP (asymptotic)
0.4 4 — iid + AMP (asymptotic)
3 = SC + AMP at 5000 users
< = jid + AMP at 500 users
= 0 Z e
034 0z VI S
c > | 27 | e
« | A e
 { | Z (r |.xT
-
(O]
v 0.2
0.1
0.0 | 3 | | . | |
0 2 4 6 8 10 12 14 16
Ep/No (dB)

(b) 8 bits (B = 2°)

Figure 4.4: Achievable regions for massive multiple access at a user payload of 2 bits and 8 bits, when
the maximum tolerated UER is 1073, Users encode their information using random codebooks defined
by the design matrix.

p = 0) base matrices. The coupling width w was optimised for each user density u (see Table
4.1).4

4When spatially coupled design matrices are used, the actual user density differs slightly from the design user
density p (which we plot) because a rounding procedure is carried out to ensure that the design matrix is split
into blocks with an integer number of rows and columns. For example, at user density u = 1.0, L = 5000 users,
coupling length A = 50 and coupling width w = 5, the codelength is n = 5000 and the base matrix has R = 54
rows and C = 50 columns. Therefore, each block of the design matrix has 5000/54 = 92.59 ~ 93 rows and
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Table 4.1: Optimised coupling width values used in Figs. 4.4a and 4.4b.

Fig. 4.4a Fig. 4.4b
£ [09 1.00 1.1 1.2 13015 020 025 030 0.33
w|5 5 6 6 71 5 5 6 11 14

We observe that for both i.i.d. and spatially coupled coding schemes, the finite user and
asymptotic curves match at low user densities. For the i.i.d. coding scheme (blue), although
a gap between the two curves appears above a certain user density threshold (4 = 0.5 in Fig.
4.4a and p = 0.13 in Fig. 4.4b), their overall shape remains similar. For the spatially coupled
scheme (green), the gap between the two curves appears above a user density threshold slightly
higher than that of the i.i.d. coding scheme, and increases with u. This gap is a finite length
effect, due to the relatively small values of base matrix parameters.

Table 4.1 shows the values of the optimised coupling widths w used in Figs. 4.4a and 4.4b,
for user densities above the threshold at which the spatially coupled coding scheme has an
advantage over the i.i.d. coding scheme. At user densities lower than this threshold, a range of
coupling widths (including the uncoupled case w = 1) achieve similar UERs. We see that the
optimal coupling width increases with the user density.

In Fig. 4.4, we also plot the asymptotic achievable region of the coding scheme based on
random code-division multiple access (CDMA) with binary phase shift keying (BPSK) modula-
tion and MAP decoding for comparison (solid orange lines). Recall that this encoding scheme
corresponds to a random linear system (4.2) with an i.i.d. Gaussian design matrix and a message
vector with i.i.d. entires drawn uniformly from {+vE} (see Example 4.1.2). The asymptotic
achievable region of the MAP decoder is predicted using the result from the replica analysis
(see Remark 4.2.2). Since each user can only encode 1 bit per n transmissions in this coding
scheme, encoding 2 bits and 8 bits would require 2n and 8n transmissions, which corresponds

to a reduction in the user density u = L/n by factors of 2 and 8, respectively.

The effect of modulation In Fig. 4.5, we investigate how the achievable region changes
when modulation is introduced to the encoding process. We consider encoding with Gaussian
codebooks and binary modulation, i.e., in addition to encoding logy B bits in the choice of
one-of-B Gaussian codewords, an additional bit is encoded in the sign of the chosen codeword
(see Example 4.1.2).

In Fig. 4.5 we plot the asymptotic achievable region when the user payloads is 2 bits and
the maximum tolerated UER is 1073 (same as in Fig. 4.4a). The unmodulated scheme (B = 4,
K = 1) will encode 2 bits by choosing one of B = 4 codewords, whereas the binary modulated
scheme (B = 2, K = 2) would encode 2 bits by using 1 bit to choose one of B = 2 codewords
and the other bit to choose one of K = 2 signs.

5000/50 = 100 columns, and the actual user density is 5000/(93 x 54) ~ 0.9956.
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Figure 4.5: Achievable regions for massive multiple access at a user payload of 2 bits, when the maximum
tolerated UER is 1073. The K = 1 case corresponds to encoding with random codebooks (defined by
the design matrix) and the K = 2 case corresponds to encoding with random codebooks and binary
modulation.

In Figs. 4.5a and 4.5b, both the asymptotic and finite user achievability region of the binary
modulated scheme (green lines) are noticeably larger than that of the unmodulated scheme (blue
lines), for both i.i.d. and spatially coupled design matrices. We did not plot the achievable region

of the binary modulated scheme when the user payload is 8 bits because its difference with the
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unmodulated scheme (Fig. 4.4b) is less than 0.1 dBs at all user densities.

In Fig. 4.5b, the spatially coupled design matrices used in finite user simulations were con-
structed using (w, A = 50, p = 0) base matrices. The optimal coupling width for both the
binary modulated and unmodulated schemes is the same at each user density (see Table 4.1).
(The optimal coupling width for the binary modulated scheme at p = 1.4 is 9 — it continues

to increase with the user density.)

4.3 Large user payloads

When coding with random codebooks, i.e., when the sections of & are drawn i.i.d. from p1,
the section size B increases exponentially with the user payload (log, B bits). For large B
it is infeasible to evaluate the potential function (4.20), and the potential function is needed
to compute the asymptotic UER bounds in Theorems 4 and 5 (see (4.29) and (4.45)). In
this section we bound the asymptotic UER achieved by i.i.d. and spatially coupled Gaussian
codebooks with AMP decoding, when the user payload is large. Both results (Theorems 6 and

7) utilise the following Lemma.

Lemma 4.3.1 (Asymptotic UER bound). Consider the setting of either Theorem 4 or 5, and
take the distribution px ., to be p1. Let &' be the AMP hard-decision estimate of x after iteration
t, and recall that ' € RS is an output of the state evolution (4.7)-(4.8). Then we have that

the following limit exists almost surely and satisfies:

L

C 1/) 1
I EP S DILCESIET
2

(4.55)

t@\:&

ﬁ\rb

where the limit is taken with % = u held constant. Recall that C =1 when the design matriz A

has i.i.d. Gaussian entries N'(0,1).

Proof. The existence of the limit in (4.55) is shown in Theorems 4 and 5. For ¢ € [L], we denote
by a;, € RP the /-th section of a vector @ € REFP. Let x!*! be the AMP estimate of x after
iteration ¢ + 1 (defined in (4.13)).

It was proved in [1, Thm. 2] that the MSE of the AMP decoder after iteration ¢t > 0 converges

almost surely to the following limit:

||$t+1 _m”Q C

g = CZW“ e B[ Xue ~ Bl | Xawe + VA 2P}, (456)

lim
c:l

where Xee ~ px... and Z is a standard Gaussian vector independent of X ... The last equality

in (4.56) follows from the definition of 1¢ in (4.8)—(4.9). Moreover, using the result (4.45) (noting
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that the first equality in (4.45) holds for ¢t > 0), we have

L C C
nggo%Zn{ﬁzzﬂ £a) = %Zpe %Z [1{ Xeee # X (Xee + V/72) }]
/=1 c=1 c=1
C
= 55¢ L B[~ XXt VRDI

(4.57)

Here X() is the MAP estimator of X, 1.€.,

X(s) = arg max ]P’(XSec = | Xgee + \/TTfZ = s).
x/

The second equality in (4.57) follows from (4.25), noting that P.(7!) = P(Xsee # X (Xsec +

V1EZ)). The third equality is obtained by noticing that for Xee. ~ p1, the squared error of

the MAP estimator X (s) (defined in (4.15)) satisfies

1X(8) = Xsee|> = 2B 1{ X (8) # Xsec}- (4.58)

Among estimators of X from S = X + /7 Z, the expected squared loss is minimised
by the conditional expectation. Therefore, for ¢ € [C],

E{HXsec - IE[)(sec ’ Xsec + \/TTI;Z]HZ} S E{HXsec - X(Xsec + \/EZ)HQ} (459)

Using (4.59) to compare the limits in (4.56) and (4.57), we obtain first inequality in (4.55).
To prove the second inequality in (4.55), we first notice that for the prior p;, the hard-

t+1 d

decision estimator &, defined in (4.15) can equivalently be written as follows. For j € sec(/):

VE if 2ttt > :UtH for all 7 € sec(f)\,
#r = (DN (4.60)

0 otherwise.
Here x'*! is the AMP estimate computed according to (4.6) and (4.13).
Let j* € sec({) denote the index of the unique non-zero entry of x in section ¢ € [L], i.e.,

t+1

Tjs = VE. From (4.13), we note that the sum of the entries in each section of x equals

VE. The decision rule (4.60) then implies that méil is less than or equal to v'E/2 whenever
t‘H # xy. Therefore,

it £ 2, implies ||zl —x|? > E/4. (4.61)
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Therefore,

4Hmt+1 _ xZHZ

— 1{at™! < = _ .

Z {&" # a0} Z E (4.62)
E 1

Combining (4.62) with (4.56) yields the second inequality in (4.55). O

4.3.1 I1.I.D. Gaussian codebooks

Theorem 6 (AMP decoding of i.i.d. Gaussian codebooks at large user payloads). Consider
the setting of Theorem 4 and take the distribution px.. to be p1. The user error rate of the
AMP decoder after its first iteration exhibits the following phase transition for sufficiently large
payloads of logy B bits.

1) For any § € (0, 3), let fps =

B—k§2
6vVIn B

where k is a positive constant. If

:

1 1 1
logy B < — ) 4.63

then limy o0 + 30, L&} # a0} < fs.
2) For any 6 € (0,1), let 9p5 = B~*19" where ky is a positive constant. If

—_

1 1
ulogy B > o7 . (( T Eb/NO) : (4.64)

then limy, o0 7 Zngl 1{ap #a} > (1—gg;z)/2 forall t > 1.

In both statements, the limits exist and are taken with % = held constant.

M\Oﬂx

Proof. From Lemma 4.3.1, we know that the asymptotic UER after each iteration ¢t > 1 satisfies

L—oo L

L
ﬂ < lim — Z (& # a0} < 4E¢t, (4.65)
/=1

where 9 is the output of the state evolution (4.18) after the ¢-th iteration.
Using state evolution variables 7¢ and 1! defined in (4.18), let

P E (4.66)
" mtnB (024 wpt)In B’ ‘

From [1, Lem. 4.1] we know that for sufficiently large B and any § € (0, 1), 5 € (0,1), we have

(1—gps)1{v' <2-48} <

wt—&—l
7 < 1—(1— fps)1{v' > 2+ 6}, (4.67)

where g5 5, fB,s are defined in the theorem statement. Using (4.66) in (4.67) and recalling that
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E = Eylog, B, 0% = Ny/2, we obtain

2 In2
e Pt 245 Ey/Ng
wt-‘,—l < fofS if E < 2ulnB
4.68
E 2 In 2 ( )

> (1 -gp5) if %> ST

We obtain the first part of the theorem by substituting the initial condition ¢ = E into
the first condition in (4.68), and using a different positive constant in the definition of fp s to
account for the factor of 4 in the upper bound in (4.65).

We prove the second statement of the theorem by showing that under (4.64), %t >(1-g55)
for all t > 1. Combining this with the lower bound in (4.65) then yields the required result.

Noting that /°/E = 1, assume towards induction that %t > (1—gp ) for some t > 0. Then,
from (4.66) we have

1 1
vt < = : 4.69
(0?/E + (1 —gp;))InB  In2/(2Ey/No) + plogy B(1 —gp5)In2 (4.69)
Therefore a sufficient condition for vf < (2 — ) is
Ny 1
(2E‘b + plogs B(l — 93,5)) In2 > fg (470)

Rearranging, we obtain the condition in (4.64). From (4.67) we see that under this condition,

Y1 /E > (1—gp 5). This completes the proof of the induction step, and hence the theorem. [

Remark 4.3.1. From (4.63) and (4.64), we see that for any fixed values of p and Ejp/Ny, the
asymptotic UER of AMP decoding is lower bounded by a value that approaches 1/2 with growing

B. Therefore, the interesting regime for large user payloads is when the spectral efficiency

S :=plogy, B = bits/transmission, (4.71)

Llog, B
n

is of constant order. (The spectral efficiency is the total number of bits sent by all the users

per channel use.) Theorem 6 can be extended to the asymptotic regime where L, n,log, B all

tend to infinity with the spectral efficiency held constant. In this case, the user error rate of

the AMP decoder exhibits the following phase transition in this large system limit:

L .
) 1 . =0 if § < Spp,
lim > 1{@) # ) (4.72)

L.Bn—oo L o= 2% otherwise,
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where Spp is the belief propagation (BP) threshold

1/ 1 1
= = _— . 4.
SBp = 5 (1112 Eb/No) (4.73)

From (4.72), we see that positive spectral efficiencies are achievable in this large system setting

using i.i.d. Gaussian codebooks and AMP decoding if and only if E;/Ny > In2.

4.3.2 Spatially coupled Gaussian codebooks

From Remark 4.3.1, we see that for large user payloads and spectral efficiencies less than the BP
threshold Spp, one does not require spatial coupling for reliable AMP decoding. The following
result shows that any spectral efficiency above Sgp and below the converse can be achieved

using spatially coupled Gaussian codebooks and AMP decoding.

Theorem 7 (AMP decoding of spatially coupled Gaussian codebooks at large user payloads).
Consider the setting of Theorem 5 and take the distribution px., to be p1. Let ¥ =1+ “’Tfl,
w= %, SNR = 2Ebulog2 B, and define

‘No
A % In(1 + 9 SNR) — pln B, (4.74)
. I SNR® \ 1
o= (Trsnr) & (4.75)
. A1
P = min {W, 5} (476)

Let § be an arbitrary constant in (O,min{ﬁ, %}) and Sopt be the positive solution to

1 2F,

1) If the spectral efficiency satisfies

1

3 Sopts (4.78)

1
5SBP < plogy B <

and the base matrix parameters satsify w > w* and 0 < p < p*, then, fort > 1 and ¢ <
max{ %, (%1}, we have
Ye=Vh_ct1 < Ehpg (4.79)

2
for sufficiently large B, where E = Eylogy B, hp s = % and ko 1s a positive constant.
2) Let T denote the first iteration for which max.yt < Ehps. Then we have

T < [A“j, (4.80)

| 2w
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and the user error rate of the AMP decoder after T iterations satisfies

L
1
lim — Z 1{&; #z¢} <4hpg, (4.81)

L—oo
/=1

where the limit is taken with % = u held constant.

Proof. The first part of Theorem 7 is a direct application of Proposition 2.3.1, which is the
state evolution analysis of spatially coupled sparse regression codes for channel coding over the
(single user) AWGN channel. The main change of variables required is that the signal-to-noise
ratio in the AWGN channel is replaced by SNR = % = QTEObu logy B. Another change is that
the AWGN rate R = % is replaced by pln B. In the second part of Theorem 7, the result
in (4.80) comes from (2.44)—(2.45), and the result in (4.81) is a direct application of the upper

bound in Lemma 4.3.1. O
Remark 4.3.2. A positive solution to (4.77) exists if and only if E,/Ny > In 2.

Remark 4.3.3 (Parameter choice). Consider spectral efficiency S = plogy B bits/transmission.

For any spectral efficiency S < Sgpt, or equivalently any % > 2223 3 L (which matches the converse

bound in [33] with B — oo and the target PUPE € — 0), we can choose design parameters as
follows to guarantee that the AMP decoder achieves a small UER at large user payloads.

1) If S < Sgp, or equivalently % > (5 — 25)7! for S < 515, then using ii.d. Gaussian
codebooks guarantees that the UER is bounded by a small constant at large payloads (Thm.
6).

2) If Sgp < S < Sopt, we can choose the base matrix parameters w and A as follows to
satisfy the conditions of Theorem 7. Let ¥g = Sopt/S, first choose w > w*(¥y) (with ¥ in
(4.75) replaced by 9p). Then choose A large enough that ¢ = 1+ 2t < . This ensures that

S < Sept/V and w > w* ().

Remark 4.3.4. Theorem 7 can be extended to the setting where L, n,log, B all tend to infinity
with the spectral efficiency S = Llogy B/n held constant (see Remark 4.3.1). In this asymptotic
regime, the result states that for any Sgp < S < Sopt, the UER with AMP decoding converges

almost surely to 0.

4.3.3 Numerical results

Fig. 4.6 shows the achievable regions of i.i.d. and spatially coupled Gaussian codebooks with
AMP decoding, in the large system limit of L, n,log, B all tending to infinity with the spectral
efficiency S = Llogy B/n held constant (Remarks 4.3.1 and 4.3.4). The dashed black line is
the achievable region for i.i.d. Gaussian codebooks and the solid black line for spatially coupled

Gaussian codebooks. From (4.73), we note that i.i.d. Gaussian codebooks with AMP decoding
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Figure 4.6: Achievable regions for massive multiple access at different user payloads (log, B bits) using
either i.i.d. or spatially coupled Gaussian codebooks with AMP decoding. The results at finite B show
the minimum Ej, /Ny required to achieve UER < 1073,

cannot achieve spectral efficiencies S > ﬁ ~ 0.7213 (asymptote of the dashed black line).
We also note that the solid black line matches the converse bound in [33] with B — oo and the
target PUPE € — 0.

The solid and dashed black lines split Fig. 4.6 into three distinct regions, which are sometimes

referred to as the easy, hard, and impossible regions of inference in statistical physics [136]:
1. Below dashed black line: achievable with i.i.d. Gaussian codebooks and AMP decoding.

2. Between solid and dashed black lines: achievable with spatially coupled Gaussian code-

books and AMP decoding, or with i.i.d. Gaussian codebooks and MAP decoding.

3. Above solid black line: not achievable by any scheme.

In Fig. 4.6, we also plot the achievable regions of i.i.d. Gaussian codebooks (dashed) and
spatially coupled codebooks (solid) with AMP decoding at several finite payloads logy B (with
L,n — oo and the user density p held constant). For B = 2,22 2% we use the same setup as
Fig. 4.4, and find the smallest Ej,/Ny such that the coding scheme achieves UER < 1073, For
B = 280 21000 it i5 computationally infeasible to evaluate the potential function (4.20), so we
plot the achievability bound from [33] (red and purple curves).

For spatially coupled Gaussian codebooks with AMP decoding, the achievable region gets
larger as the user payload increases, but at high spectral efficiencies (e.g. S > 1.5), the improve-
ment is insignificant after roughly log, B = 8 bits. Therefore, it is possible to communicate

reliably at high spectral efficiencies with near-minimal Ej,/Njy even when the user payload is
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finite. For i.i.d. Gaussian codebooks with AMP decoding, there is a trade-off in the achievable
region as the user payload increases: a lower Fp/Nj is required to communicate reliably at low

spectral efficiencies, but the maximum achievable spectral efficiency decreases.

4.3.4 Implementation

When the user payload (log, B bits) is large, the computational complexity of the AMP decoder
is too high for practical use even when DCT based codebooks are used. In this section we
discuss how simple modifications to the encoding scheme discussed thus far can reduce the
computational complexity, making it feasible for large user payloads. Furthermore, we discuss
how introducing modulation to the encoding scheme can further reduce the complexity and
improve the achievable region.

The idea to reduce the complexity is simple: instead of encoding the each user’s message
using a single large codebook, one can encode it using several smaller sized codebooks. This

can be implemented in one of the following two ways.

1. Transmit using a smaller codebook multiple times. For example, a user payload of 80 bits
can be transmitted by using a codebook of size B = 28 ten times. The codebooks can
be based on either i.i.d. or spatially coupled Gaussian matrices, and the messages can be
decoded using an AMP decoder.

2. Transmit by superposition coding of codewords from multiple (different) smaller code-
books. For example, a user payload of 80 bits can be transmitted with each user encoding
their message with 10 codebooks of size B = 2% each. The codewords from the 10 code-
books are summed together to form the final user codeword. This method is equivalent
to each user encoding their message with a sparse regression code (introduced in Section
1.3). If we consider the linear model (4.2) where the message vector  has unmodulated
sections of length B (Example 4.1.1), then this method is equivalent to each user encoding

their message using 10 sections of size B = 28 each (instead of 1 section of size B = 280).

We now consider the achievability regions of above methods. Compared to the coding
scheme where the user payload is 8 bits and each user encodes with a single codebook of size
B = 28 the first method effectively increases the code length by a factor of 10 due to repeated
transmissions, and the second method effectively reduces the number of users by a factor of 10

due to each user using 10 codebooks (sections). Therefore, the achievable region obtained using

number of users

codo Tength  Versus Ey/Ny trade-off, is

these two methods in terms of the user density u =
the same as that obtained when the user payload is 8 bits and each user encodes with a single

codebook of size B = 28, except the user density p is now reduced by a factor of 10.°

°If instead we considered the spectral efficiency S = (u x user payload) versus E,/Ny trade-off, then the
achievability region of these methods would be exactly the same as that obtained when the user payload is 8 bits
and each user uses a single codebook of size B = 28. This is because the user payload of 80 bits (ten times that
of 8 bits) cancels out the ten times reduction in the user density p.
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Figure 4.7: Red and black: converse and achievability bounds from [33] for massive multiple access when
the per-user payload is 80 bits and the maximum tolerated UER is 1073. Green and blue: asymptotic
achievable regions of coding methods based on spatially coupled Gaussian codebooks (of size B = 28)
and AMP decoding for the same maximum tolerated UER. The K = 2 case (green) corresponds to
encoding with spatially coupled Gaussian codebooks and binary modulation.

This (asymptotic) achievable region is shown in blue in Fig. 4.7, where we assumed that
spatially coupled Gaussian codebooks (with B = 2%) and AMP decoding are used, and the
maximum tolerated UER is 1073. The red and black curves plot the converse and achievability
bounds from [33] when the user payload is 80 bits and the maximum tolerated UER is also
1073, We see that one can still achieve near-optimal u versus FEj/Ngy trade-offs using these
methods at user densities above 0.02. However, at lower user densities, there is a noticeable
gap between the achievability of these methods and the achievability of large (B = 280) i.i.d.
Gaussian codebooks with ML decoding (black).

Although the two methods described above have the same effect on the achievability region,
their effect on the computational complexity differs. Let L denote the number of users, B denote
the size of the codebooks used in these methods (B = 2% in the above examples), and N denote
either the number of transmissions in the first method, or the number of codebooks per user
in the second method (N = 10 in the above examples). When DCT based codebooks are used,
the complexity of the the first method scales as O(NLBlog(LB)) whereas the complexity of
the second method scales as O(N LB log(NLB)). Therefore, the first method is more efficient.

Using modulation to improve achievability

Let us consider again the example where the user payload is 80 bits. If in addition to encoding
8 bits using a size B = 28 codebook, we encode an extra 1 bit in the sign of the chosen codeword

(as in Example 4.1.2), then each user’s codeword would encode 9 bits, and 80 bits can be sent in
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fewer than 9 transmissions. In comparison, to send 80 bits without modulation would require
10 transmissions of 8 bits each. The reduction in the number of transmissions reduces the
complexity linearly, and the increase in AMP decoding complexity due to binary modulation is
insignificant. Fig. 4.7 shows that using binary modulation (green) can increase the size of the

achievable region.

4.4 Complex Gaussian channel and coding schemes

In this section we discuss how the coding methods described in this chapter and their analysis
can be extended to complexr Gaussian multiple access channels in the many-user setting. Recall
that the coding methods described in this chapter can be represented using the random linear
model y = Ax+w, where A is an nx LB random design matrix which represents the codebooks
of the L users, and the user messages are encoded in the message vector  which has L sections
that are drawn i.i.d. from px__ (a discrete distribution over length B vectors).

In the complex Gaussian channel, the noise vector w has i.i.d. circularly symmetric complex
Gaussian entries with mean 0 and variance Ny = 202, i.e., w; ~ CN(0, Ng), with R(w;), S(w;) Lid
N(0,0?), where R(x) and () denote the real and imaginary part of a complex variable .

Now the design matrix A and the message vector & can both have complex valued entries.
The coding scheme that uses i.i.d. complex Gaussian codebooks corresponds to using a design
matrix A with i.i.d. complex Gaussian entries A;; ~ CAN(0, %) and a message vector * with
sections that have a single non-zero entry equal to v'E (see also Example 4.1.1). Spatially cou-
pled complex Gaussian design matrices A are constructed using base matrices W € Rixc in a

similar way to their real-valued counterparts described in Section 4.1.1. They have independent

complex Gaussian entries

1 _ .
Ajj ~ CN(O, n/I?Wr(i)c(j))’ for i € [n], j € [LB]. (4.82)
Recall that the L sections of & each correspond to a user’s message, and the sections are drawn
iid. from px,... Generalising the distribution ps that corresponded to random codebooks with
binary modulation in Example 4.1.2, in this section we will often use the following example of

PX... which uses K-ary phase-shift keying (PSK) modulation.

Example 4.4.1 (Random codebooks with K-ary PSK modulation). Let px... be the distribu-

tion over length B vectors that chooses uniformly at random one of its B entries to be non-zero,

taking values in®

{bk. = VE 2/ K } (4.83)

ke[K]

5The PSK symbols are represented using {br}keix) instead of {ck}re[x] as done in Chapter 3 because in this
chapter the vectors ¢, for £ € [L] correspond to the user codewords.
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with equal probability, where j := v/—1. Since each section of the message vector corresponds
to B columns of the design matrix A, in the coding scheme each user encodes logy B bits in
the selection of one-of-B codewords, and an additional log, K bits in the selection of its phase.
When the design matrix A has i.i.d. CA/(0, %) entries and B = 1, this coding scheme corresponds
to random CDMA with K-ary PSK modulation. In the rest of the section, we denote the choice

of px... used in this example by pg.

PSK modulation is considered instead of other modulation techniques because PSK symbols
have equal magnitude. Unequal symbol magnitudes will counteract the effect of spatial coupling,
and simulations show that errors are much more likely to occur in the sections where symbols
of smaller magnitude are chosen. PSK modulation is considered for modulated complex sparse
regression codes for the same reason (see Section 3.2).

Before we detail how the results in Theorems 4-7 can be extended to the complex Gaussian
MAC in the many-user setting, we need to introduce the AMP decoder, state evolution, and

potential function for the complex random linear coding setup.

AMP decoding The AMP algorithm for decoding the message vector x in the complex
linear model and its corresponding state evolution only differ slightly from their real-valued
counterparts described in Section 4.1.2.

The AMP decoder for spatially coupled and i.i.d. complex Gaussian A are the same as
that given in (4.6) and (4.17), except the transpose operation is now the conjugate transpose
operation. Furthermore, the denoising function n’ and the hard-decision MAP estimate of the
message vector are defined using a standard complex Gaussian random vector Z instead of a
standard real-valued one. That is, for index j in section ¢ € [L], which we denote by j € sec(¥),

with section ¢ in column block ¢ € [C],

77;’(3) =E (Xsec)j ’ Xsec + \/EZ = 36] (4.84)

c

- K R(55 bys
Ei€sec(€) Zk’:l exp (%)

if Xgee ~ DK, (4.85)

where Xgec ~ px... and Z is a standard complex Gaussian vector independent of Xg... We
use Z to denote the complex conjugate of a complex number z. Recall that the ¢-th section of
a vector s € REB is denoted by sy € RE and pg is described in Example 4.4.1. For section £ in
column block ¢ € [C], the ¢-th section of the hard-decision MAP estimate after iteration ¢ + 1
is given by

:i??u = argmax IP)()(sec =a | Xsec + \/TT?Z = Sz)7 (486)
x'eS

where § is the support of px_... When X ~ pr with K =4, i.e., the non-zero entries in X g
takes values in {£+v/'F, £jv/E} with equal probability, index j € sec(¢) of this hard-decision
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estimate is given by
sign(R(s;) - VE  if [R(s)| > [3(s;)] and
1R (s5)| > max{|R(s;)|, |S(si)|} for all i € sec(?)\7,

=< sign(S(s;)) - JVE if [S(s;)| > |R(s,)| and (4.87)
1J(s5)] > max{|R(s;)|, |I(si)|} for all i € sec(?)\7,

0 otherwise.

The parameters {7{}.cc] are given by the state evolution recursion below.

State evolution The state evolution (SE) recursions of the AMP decoders for spatially cou-

pled and i.i.d. complex Gaussian A are the same as that given in (4.7)—(4.8) and (4.18), except

2

the noise variance term ¢“ is now Ng. Furthermore, the mmse function is defined using a

standard complex Gaussian random vector Z instead of a standard real-valued one, i.e.,

mmse®(1/7)
2
—E [ Xoco — E[Xoee | Xee + V72| s
S VER(bg) - exp (2\/ET§R(bk) n 2%(5%1%))
=F—FK K 2\/E§R(b ) 2R(Z1b,1) B 2R(Z,;byr) if Xsec ~ DK,
S [owp (MER 4 2O 1 53, exp (G2
(4.89)
where Z = [Zy,...,Zp] is a standard complex Gaussian random vector independent of X g,

and the superscript “c” in mmse® denotes “complex”. For example, the state evolution of the

AMP decoder for i.i.d. complex Gaussian design matrices initialises 1)* = E||X2.|| = E, and

for t > 0 computes

t = Ny + )t (4.90)
Y = mmse®(1/7). (4.91)

Remark 4.4.1 (Real-valued X.). When px_.. is a distribution over real-valued random vec-
tors, the effective noise variance in the definition of the mmse® function (4.88) is actually 7
(instead of 7) since the MMSE (conditional expectation) estimator can ignore the noise along

the imaginary axis. Therefore, if X is real, then
mmse®(1/7) = mmse(2/7), (4.92)
where the mmse function is defined in (4.9), and the state evolution of the AMP decoder for
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i.i.d. complex Gaussian design matrices (4.90)—(4.91) can be written as a single line recursion
P = mmse o : (4.93)
o2 4 Lyt

where we used Ny = 202. Comparing (4.93) with the state evolution in the real-valued setting
(4.18), we observe that when X is real, the state evolution in the real and complex setting
are exactly the same when the user density u in the complex setting is twice the user density
in the real setting. The same observation holds for the state evolution of the AMP decoder for

spatially coupled complex Gaussian design matrices.

Potential function Recall that the results in Theorems 4 and 5 are given in terms of the
minimisers or stationary points of the potential function defined in (4.20). The complex variants
of these theorems are given in terms of the following potential function for user density pu =

L/n > 0 and channel noise variance Ny > 0.

F(, No, ) = I(Xsee; S7) + B {ln () — ] : (4.94)

where ¢ € [0, E], 7 = No+ pt), and the mutual information is computed using the single-section

complex Gaussian channel with variance 7:
S¢ = Xgee +VTZ, (4.95)

where Xgec ~ px... and Z € CP is a standard complex Gaussian random vector independent
of Xeeo. f Z =1[Zy,...,Zp] and px_.. is chosen to be the K-PSK modulated prior given in in
Example 4.4.1, we have

2F
I(Xsec; SS—) = ? + ln<BK)

_Eln (zK: [exp(2\/ﬁf(bk) 2R Zlbk ) EB: (29? (% bk))]), (4.96)

k=1

Remark 4.4.2 (Real-valued Xg.). When px_.. is a distribution over real-valued random vec-
tors, the potential function F¢ for the complex setting defined in (4.94) is equivalent to the
potential function F for the real setting defined in (4.20) when the user density p in the com-

plex setting is twice the user density in the real setting, i.e.,

T (p, Noytb) = F (/2,02 ¢) . (4.97)

This is because Ny = 202 and in the calculation of the mutual information term (X gec; S,

the effective noise variance of the single-section channel (4.95) is 7 (instead of 7) due to Xec
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being real.

Decoding error in single-section complex Gaussian channel Consider decoding X gec
in the complex Gaussian channel in (4.95). The MMSE decoder

B0 ™ (87) = E[Xaec| 7). (4.98)
achieves the MMSE given by (4.88). The MAP decoder
Fgee (S%) = argmax P(Xsee = '|57), (4.99)
achieves the minimum probability of error, given by

PE(1) = P2} (S2) # Xec) (4.100)

€ sec

:1‘/r[”Q( )

where ¢(-) and Q(z f \/ﬂ e=#/2dz are the probability density function and upper tail

2B-1
¢(2)dz  if Xgee ~pr and K =4, (4.101)

probability of the standard (real-valued) Gaussian distribution, respectively.

Remark 4.4.3 (Real-valued Xg.). When px_.. is a distribution over real-valued random vec-
tors, the minimum probability of decoding error in the single-section complex Gaussian channel
(4.95) with noise variance 7 is equal to the minimum probability of decoding error in the single-
section real Gaussian channel (4.19) with noise variance 7 since the optimal estimator can ignore

the noise along the imaginary axis, i.e.,
PS(1) = P.(1/2), (4.102)

where P, (-) is defined in (4.25).

Notice that the probability of error function for 4-PSK modulated sections in the complex
noise setting given in (4.101) is the same as that for binary modulated (2-PSK) sections in the
real noise setting given in (4.26), except that 7 in (4.26) changed to § (due to moving from real
to complex), and B in (4.26) changed to 2B.

4.4.1 Theoretical results
Asymptotic UER achieved by AMP decoding

The complex variants of Theorems 4 and 5 describe the asymptotic UER, achieved by AMP de-
coding when the design matrix A is either i.i.d. complex Gaussian, or spatially coupled complex

Gaussian constructed using an (w, A, p) base matrix, and the channel is complex Gaussian. We

144



do not explicitly state Theorems 4 and 5 for the complex setting, but we expect these results
to be the same as Theorems 4 and 5, except that they are given in terms of the minimiser(s)
and the largest stationary point of the potential function F¢ defined in (4.94), and they use the
probability of error function PS defined in (4.100).

Remark 4.4.4 (Real-valued X ). When px_.. is a distribution over real-valued random vec-
tors, the asymptotic UER achieved by AMP decoding in the complex setting (with either i.i.d.
or spatially coupled design matrices) at user density p is the same as that achieved in the real
setting at user density /2. (See Remarks 4.4.1, 4.4.2 and 4.4.3, and note that § = o2 + £ in

the complex setting.)

To prove the complex variants of Theorems 4 and 5, one needs to prove that the performance
of the AMP decoder is accurately tracked by the state evolution recursion for general complex
discrete priors px,.. and both i.i.d. and spatially coupled complex Gaussian design matrices.
(See (4.36) and (4.54) in the proofs of Theorems 4 and 5.) Such a concentration result was
proved in [160] for the special case where the design matrix has i.i.d. complex Gaussian entries
and the message vector has i.i.d. entries (B = 1). For the complex design matrices and message
vectors under consideration, the proof is essentially the same as that in [1,22,57], which consider
real-valued design matrices and the specific px.. distribution given in Example 4.1.1. Apart
from this AMP result for the complex setting, the proofs of the complex variants of Theorems
4 and 5 are nearly identical to those of Theorems 4 and 5 due to the similarity of the state

evolution recursions and potential functions in the real and complex setting.

Large user payloads

The complex variants of Theorems 6 and 7 provide bounds on the asymptotic UER achieved by
AMP decoding at large user payloads when complex Gaussian codebooks (without modulation)
are used, i.e., when the sections of the message vector have a single non-zero entry equal to VE.

Since the asymptotic UER achieved by AMP decoding in the complex setting is the same
as that achieved in the real setting at half the user density when the message vector is real
(Remark 4.4.4), the complex variants of Theorems 6 and 7 are exactly the same as Theorems
6 and 7 except with the user density p and spectral efficiency S = plogy B replaced with &
and g The proofs are the same as those for Theorems 6 and 7, except one needs to prove that
the performance of the AMP decoder is accurately tracked by state evolution in the complex
setting (as discussed earlier).

The complex variants of Theorems 6 and 7 consider complex Gaussian codebooks without
modulation. We also expect similar results to hold for complex Gaussian codebooks with K-
ary PSK modulation (Example 4.4.1) when K is a power of 2, albeit with the bounds on the
asymptotic UER being a function of K. In the proofs, the upper bound in Lemma 4.3.1 will need

to be modified according to Lemma 3.4.1, and the bounds on the (normalised) state evolution
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Figure 4.8: Achievable regions for complex massive multiple access when the per-user payload is 4 bits
and the maximum tolerated UER is 1073. Users encode their information using random codebooks of
size B (defined by the design matrix) and K-ary PSK modulation.

parameter %M (e.g. in (4.67) and (4.79)) modified according to Propositions 3.4.1 and 3.4.2.
We omit the details here.

4.4.2 Numerical results

In Fig. 4.8, we plot the asymptotic achievable region of the coding scheme based on spatially
coupled complex Gaussian design matrices and AMP decoding, when the user payload is 4 bits
and the maximum tolerated UER is 1073.

One benefit of the complex setting is that complex modulation techniques can be used to en-
code information in the message vector. In these simulations the users encode their information
in K-PSK modulated message vector sections of length B (Example 4.4.1); hence, logy(BK) = 4

bits. In Fig. 4.8 we consider the following combinations of B and K:
e (B =16, K = 1), which corresponds to unmodulated sections (blue),
e (B =38, K =2), which corresponds to binary modulated sections (green),
e (B=4, K =4), which corresponds to 4-PSK modulated sections (green),

e (B =2, K =8), which corresponds to 8-PSK modulated sections (cyan), and

(B =1, K = 16), which corresponds to random CDMA with 16-PSK modulation (ma-
genta).
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Table 4.2: Optimised coupling width values used in Fig. 4.8.

0.70 0.80 0.90 1.00 1.10 1.16 1.18
w 3 3 3 4 5 6 6

=

We compare our results with the converse bound in [33] (red), doubling the user density since
we are considering complex instead of real channels. We also compare our results to random
CDMA with either binary (dashed and dotted black) or 4-PSK (dashed black) modulation, and
MAP decoding. The random CDMA with binary modulation (1 bit) and 4-PSK modulation (2
bits) are used 4 times and 2 times, respectively, to complete the 4 bit user payload.

From Fig. 4.8 we see that the asymptotic achievable region for the (B = 8, K = 2) and
(B =4, K = 4) encoding scheme are exactly the same. This is because the potential function
in (4.94) for K-PSK modulated sections has the same expression for (B = B/, K = 2) and
(B =B'/2, K =4), and from Remark 4.4.3 we know that PS(-) also has the same expression
for (B=B', K =2) and (B = B'/2, K =4).

Comparing the different complex encoding schemes, we see that the (B = 8, K = 2) and
(B =4, K = 4) encoding schemes have the largest asymptotic achievable region, closely followed
by (B = 16, K = 1), and then by (B =2, K = 8) and (B = 1, K = 16). There is a large
gap between the (B = 16, K = 1) and (B = 2, K = 8) encoding scheme, and an even larger
gap between the (B = 2, K = 8) and (B = 1, K = 16) encoding scheme. The asymptotic
achievable regions of random CDMA with binary and 4-PSK modulation come in between that
of the (B =16, K =1) and (B = 2, K = 8) encoding schemes, with binary modulation having
the larger achievable region of the two.

We also show the simulated performance of the (B = 4, K = 4) spatially coupled coding
scheme at L = 2000 users (green dotted line with crosses). For a list of user densities u, the
crosses show the minimum Ej,/Ny at which the coding scheme achieves an average UER less than
1073 (averaged over many independent trials). The spatially coupled complex design matrix
was constructed using (w, A = 20, p = 0) base matrices, with the coupling width w optimised
for each user density p (see Table 4.2). Furthermore, we use discrete Fourier transform (DFT)
based design matrices and the fast Fourier transform (FFT) is used to reduce complexity and
memory requirements (see Section 2.5.1 for implementation details).

Similar to Fig. 4.4, we see that the achievable region of the finite user simulations matches the
asymptotic achievable region (solid green) at low user densities. However, above a certain user
density threshold, roughly p = 0.70 in Fig. 4.8, the gap to the asymptotic curve widens as the
user density increases due to the relatively small values of base matrix parameters. Moreover,
from Table 4.2 we observe that the optimal coupling width w increases with the user density

above the user density threshold.
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Figure 4.9: Red and black: converse and achievability bounds from [33] for massive multiple access
when the per-user payload is 80 bits and the maximum tolerated UER is 10~2. Blue, orange, green and
purple: asymptotic achievable regions of coding methods based on spatially coupled complex Gaussian
codebooks (of size B = 2%) with K-ary PSK modulation and AMP decoding for the same maximum
tolerated UER.

Large user payloads

Just as introducing binary modulation to the encoding scheme can improve the achievable region
and reduce computational complexity at large user payloads (end of Section 4.3.4), introducing
K-ary PSK modulation can have the same effect in the complex setting.

Fig. 4.9 considers the same setting as in Fig. 4.7, except with a complex Gaussian channel
and K-ary PSK modulation. The user payload is 80 bits and the maximum tolerated UER is
1073, Since it is not feasible to implement large codebooks of size B = 280, we use smaller
codebooks of size B = 2% with varying levels of modulation multiple times, with the modulation
factor being K. Each transmission encodes logy(BK) bits. For example, the (B = 28 K = 1)
scheme encodes 8 bits/transmission and requires 10 transmissions to complete the payload of 80
bits, and the (B = 28, K = 4) scheme encodes 10 bits/transmission and requires 8 transmissions.

Fig. 4.9 shows that using 2-PSK (orange) and 4-PSK (green) modulation increases the size
of the achievable region; however, using 8-PSK (purple) decreases the size of the achievable
region. Moreover, as the modulation factor K increases, the number of transmissions required
(hence the computational complexity) is reduced. The increase in AMP decoding complexity

due to increased modulation is insignificant when K < log(LB) (see Section 3.5.1).
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Chapter 5

Conclusions

In this thesis we investigated the sparse regression code (SPARC) framework with efficient
approximate message passing (AMP) decoding for capacity-achieving communications over the
single-user additive white Gaussian noise (AWGN) channel and the Gaussian multiple access
channel (MAC) in the many-user setting.

In Chapter 2, we introduced spatially coupled (SC) SPARCs constructed via base matrices,
where the design matrix used to define the code has a block-diagonal structure. We showed that
base matrices provide a unified framework for designing power allocated and spatially coupled
SPARCs. We described an AMP decoder for SC-SPARCs and analysed its decoding progression
in the regime where the sections of the message vector are large. The analysis explained the
“wave-like” decoding progression in SC-SPARCs (Fig. 2.2). We showed that for any rate less
than the capacity, and sufficiently large coupling width w, coupling length A and section size
M, the probability of excess section error rate of the AMP decoder after T iterations decays
exponentially in the code length n (Theorem 1), where T is inversely proportional to the rate
gap to capacity.

The finite code length simulation results in Section 2.5 showed that SC-SPARCs with AMP
decoding can achieve lower error rates than power allocated SPARCs and standard coded mod-
ulation schemes based on LDPC codes and QAM modulation. Motivated by the wave-like
decoding progression of SC-SPARCs, we introduced a sliding window AMP decoder where a
decoding window moves (unidirectionally) across the message vector, updating only the esti-
mates of the sections within the decoding window at each window position. The latency and
per-iteration decoding complexity of this decoder is independent of the code length.

In Chapter 3, we proposed modulated SPARCs, a generalisation of SPARCs for the complex
AWGN channel, where the user message is encoded in both the locations and the values of
the non-zero entries of the message vector. This generalisation introduces more flexibility in
the SPARC code design, allowing us to reduce decoding complexity without affecting error
performance (at a given rate). We considered the setting where the values of the non-zero

entries of the message vector were chosen from a K-ary phase shift keying (PSK) constellation
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to ensure that the modulation scheme does not counteract the effect of power allocation or
spatial coupling.

We analysed the performance of an AMP decoder by obtaining analytical bounds on a key
state evolution parameter which predicts its MSE in each iteration (Proposition 3.4.1). These
bounds showed that in the large system limit (L, M,n — oo with fixed R = Llog(MK)/n
and K), the per-iteration MSE of the AMP decoder for K-PSK modulated SPARCs does not
depend on the modulation factor K. Therefore, the asymptotic analysis of K-PSK modulated
SPARCs is equivalent to that of unmodulated (K = 1) SPARCs. This equivalence together
with existing state evolution analysis for unmodulated SPARCs was used to show that in the
large system limit, for any rate less than the capacity, K-PSK modulated SPARCs with suitable
power allocation or spatial coupling and AMP decoding achieves zero section error rate in a
finite number of iterations that depends on the rate gap to capacity.

In Chapter 4 we considered Gaussian MACs in the asymptotic setting where the number
of users L and the code length n both tend to infinity with the user density u = L/n held
constant, and where the user payload, user energy and user error rate (the fraction of user
messages decoded in error) are fixed. We analysed coding schemes based on the random linear
models (e.g., SPARCs) and efficient AMP decoding, and derived the exact asymptotic achievable
trade-off between the signal-to-noise ratio Ej/Ny and the user density u, for a fixed target user
error rate and user payload. The SPARC framework fit naturally to this problem setting as
each section of the message vector represents a user’s message.

We found that the asymptotic achievable region of a coding scheme based on spatially
coupled Gaussian matrices and AMP decoding exceeds that obtained using the achievability
bound in [33] and nearly matches the converse bound for a large range of user densities. To the
best of our knowledge, this is the first efficient coding scheme to do so in this MAC regime. The
spatially coupled scheme can be interpreted as generalised time-sharing: the coupling structure
specifies which users are active during each channel use. We also analysed the performance of
these coding schemes as the user payload grows large and extended our results to the complex
Gaussian MAC. We showed that using small random codebooks multiple times to transmit
large user payloads is near-optimal at large user densities, and adding modulation (e.g., K-PSK
modulation) to the encoding scheme can increase the size of the asymptotic achievable region

in such settings.

5.1 Future directions

Base matrix designs In this thesis we introduced SPARCs where the design matrix used
to define the code is constructed using a base matrix. We explained how power allocated and
spatially coupled SPARCs can be represented using simple base matrices, e.g., the (w, A, p) base

matrix. These simple base matrix designs were used to prove that power allocated and spatially
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coupled SPARCs with K-PSK modulation are asymptotically capacity achieving; however, they
are not optimised for practical use.

We would like to develop base matrix designs that give better finite code length error
performance. One idea is to use both power allocation and spatial coupling in the design
(see Remark 2.1.2). Preliminary simulation results show that it is possible for such a combined
design to achieve lower error rates at finite lengths than SPARCs with either power allocation
or spatial coupling. However, this design is harder to optimise due to the increased number of
design parameters.

Moreover, the base matrix framework and the base matrix designs for SPARCs can be
applied to the coding schemes introduced in Chapter 4 for the Gaussian MAC in the many-
user setting, and may also inspire better designs in other random linear (or generalised linear)
estimation problems. For example, in the noiseless compressed sensing problem, we would like
to discover a simple base matrix design that can demonstrate in practice that the theoretically
optimal undersampling ratio can be obtained with spatial coupling and AMP algorithms. (The
base matrix design in [139] is sufficient for the proof of this result, but does not obtain near-
optimal undersampling ratios in practice.) We expect that effective spatially coupled base
matrix designs would differ depending on whether the compressed sensing signal entries are

discrete or continuous.

Base matrix designs for sliding window AMP decoding The unidirectional sliding
window AMP decoder introduced in Section 2.6 for SC-SPARCs does not fully utilise the “seeds”
at the two ends (corners) of the (w, A, p = 0) base matrix. We would like to explore other base
matrix designs that are tailored to the unidirectional window decoder. We expect such designs
to have a larger seed region at the top-left corner of the base matrix, and a smaller (if not none

at all) seed region at the bottom-right corner of the base matrix.

Implementation of fast transforms for spatially coupled design matrices In Section
2.5.1, we discussed how we encode and decode with Hadamard and Fourier based spatially
coupled design matrices using their corresponding fast transforms (FWHT and FFT). The
implementation was simple: each block of the spatially coupled design matrix corresponded to
one fast transform operation. It is possible to consider other implementations that may lead to
advantages in design simplicity and computational complexity, such as doing one fast transform

per w (the coupling width) blocks (either blocks within the same row-block or column-block).

Closing the converse and achievability gap in many-user MACs There exists a gap
between the converse and achievability regions of many-user Gaussian MACs at low user pay-
loads (see Chapter 4, e.g., Fig. 4.4). We showed (via numerical simulation results) that using

modulation in addition to random codebooks can narrow the gap at very small user payloads
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(2 bits), but has no effect on the achievability region at 8 bits per user. We would like to know
whether there are coding schemes whose achievability matches the converse at the low user

densities, or whether the converse bound is not tight.

Evaluating modern multiple access techniques for many-user MACs In Chapter 4
we considered Gaussian MACs in the many-user setting and showed that the asymptotic achiev-
ability of a coding scheme based on spatially coupled Gaussian matrices and AMP decoding is
near-optimal at large user densities. We would like to understand how the achievability of mod-
ern multiple access techniques such as sparse code multiple access and non-orthogonal multiple
access compare to the achievability of our proposed coding scheme (both asymptotically and at

finite number of users).

Inspiring new multiple access techniques The multiple access technique we introduced
in Chapter 4 was based on spatially coupled Gaussian random codebooks and PSK modulation.
We would be interested to see if this approach inspires deterministic multiple access techniques
with better performance. Recall from Section 4.1.1 that spatial coupling can be viewed as
block-wise time (or frequency) division with overlap, and random codebooks with modulation
can be seen as a generalisation of random CDMA (Example 4.4.1).

In the linear coding framework of (4.2), one can use a design matrix with specific structural
properties (rather than the i.i.d. Gaussian design). Examples include matrices where the user
codewords are orthogonal (or approximately orthogonal) and matrices that facilitate certain
low complexity encoders or decoders. Our simulations in Section 4.4.2 already use DFT based
spatially coupled design matrices and the FFT algorithm for low complexity encoding and
decoding; perhaps there are ways to optimise this design for practical implementation.

Furthermore, instead of having users encode their message in the location and value of
the single non-zero entry in a section of the message vector, different encoding schemes (px...

distributions) can be considered.

Unsourced random access SPARCs have been considered for unsourced random access
in [38-40]. It would be interesting to explore how the spatial coupling and modulation techniques

discussed in this thesis can be applied to that problem setting.
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