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Abstract

Exploiting Interference through Algebraic Structure
by
Bobak Anthony Nazer
Doctor of Philosophy in Engineering—FElectrical Engineering and Computer Sciences
University of California, Berkeley

Professor Michael C. Gastpar, Chair

In a network, interference between transmitters is usually viewed as highly undesirable
and clever algorithms and protocols have been devised to avoid it. Collectively, these strate-
gies transform the physical layer into a set of reliable bit pipes which can then be used
seamlessly by higher layers in the protocol stack. Unfortunately, interference avoidance re-
sults in sharply decreasing rates as the number of users increases. In this thesis, we develop a
new tool, computation coding, that allows receivers to reliably decode equations of transmit-
ted messages by harnessing the interference structure of the channel. Applied to a wireless
network, this enables relays to decode linear functions of the transmitted messages with coef-
ficients dictated by the fading realization. Relays can then forward these equations towards
the destinations which simply collect enough equations to solve for their desired messages.
Structured codes (such as lattices) ensure that these linear combinations can be decoded
reliably at the relays, often at far higher rates than the messages individually. Through ex-
amples drawn from cooperative communication including cellular uplink, distributed MIMO
and wireless network coding, we demonstrate that this compute-and-forward strategy can
improve end-to-end throughput in a network. As a consequence, we will see that structured
codes can play an important role in approaching the capacity of networks. We also show
that our techniques can result in both energy and delay savings for distributed signal pro-
cessing over a sensor network. Finally, by viewing interference as implicit computation, we
provide a new perspective on the interference channel with time-varying fading. We describe
a simple interference alignment scheme that enables each user to achieve at least half its
interference-free capacity at any signal-to-noise ratio.
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Chapter 1

Introduction

Modern communication systems are designed and analyzed through a ubiquitous currency
of information: the bit. This is due to Claude Shannon’s groundbreaking 1948 treatise which
showed that communication of an information source over a noisy channel can be completely
understood in terms of bits [T42]. Specifically, it is optimal to convert the noisy channel into
a reliable bit pipe (through a channel code), compress the information source into a repre-
sentation in bits (through a source code), and then connect these two components together.
Thus, from a theoretical perspective, bits can serve as a universal interface between a single
transmitter and a single receiver. In practice, this digital interface has fueled the successful
deployment of far larger systems consisting of many transmitters and many receivers, such
as cellular telephone networks and the Internet.

When designing a communication network, the usual approach is to establish reliable
bit pipes between pairs of users and then route information along the resulting graph of bit
pipes. This is a natural extension of the approach developed by Shannon for a single noisy
channel. However, in a wireless network, a transmission from a single node is heard not only
by the intended receiver, but also by all other nearby nodes; by analogy, any receiver not
only captures the signal from its designated transmitter, but from all other nearby transmit-
ters. The signal observed at each receiver can be modeled as a function of the transmitted
signals corrupted by some random noise process. For instance, a good approximation to a
narrowband wireless channel is that receivers observe a linear combination of the transmit-
ted signals plus Gaussian noise. Given this noisy function, the receiver attempts to extract
its desired signal while treating the other signals as unwanted interference. Thus, as the
number of active users increases, the signal-to-interference-and-noise ratio decreases and the
data rate available to each user plummets. Another alternative is for each user to take a
turn transmitting while the rest stay silent but this again results in decreasing data rates as
more users join the network.

In this thesis, we take an alternative view of interference as implicit computation. Rather
than trying to extract one message from the noisy combination of transmitted signals, the
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receiver attempts to reliably decode a function of the transmitted messages. We will show
that if the desired function is close enough to the function naturally provided by the channel,
then it can be recovered very efficiently. This approach is clearly quite useful in network
scenarios, such as sensor networks, where the objective is not to gather all the data but
just a function thereof. Our primary goal is to describe its applicability to data networks
where each user only wants to reliably recover one or more messages from other users. The
basic architecture is quite simple: users decode equations and pass them along towards the
intended destinations which, given sufficiently many equations, can recover their desired
messages. We will show that this compute-and-forward strategy can improve end-to-end bit
rates in wireless networks. As we will see, one fascinating by-product is that one must pay
close attention to the algebraic structure of codes in network information theory. Below, we
set forth the main themes of this thesis and our primary contributions towards them.

Themes

e Computation over Noisy Channels. Consider a destination that wants to com-
pute a function of data from several sources. If these users are separated by noisy,
interfering links, then the standard approach is to encode the data for reliable commu-
nication using a channel code and send it all to the destination which then computes
the desired function. Even though in some cases the channel may naturally provide
a noisy version of the desired function, it has been tacitly assumed that this could
not help the destination compute in an error-free fashion. Here, we show that noisy
functions can in fact be harnessed for reliable computation, provided the channel codes
are structured appropriately. We will investigate the fundamental limits of computing
a function over a channel, the computation capacity, and, though the problem is very
difficult in general, we find achievable strategies and outer bounds that match in some
special cases.

e Cooperative Communication. The basic idea underlying cooperative strategies is
the following: users in a network help each other achieve their respective objectives.
While it is not surprising that this is superior to a non-interference policy, the real
advantage lies in synergistic gains. In some important network scenarios, these gains
can be extremely large. Examples include:

o Distributed beam-forming: Helpful users in a wireless network listen for a transmis-
sion and then simultaneously transmit their (noisy) observations. The resulting
coherent combining of the original waveform provides a significant boost in the
receiver’s signal-to-noise ratio [55; [T14% 97

o Distributed MIMO (multiple-input and multiple-output): Users in an ad hoc net-
work team up to form distributed multiple-antenna arrays to benefit from the
well-known MIMO antenna gain [36; [130; 118
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e (Cooperative diversity: Two users in a wireless network learn each other’s messages
and then transmit both messages jointly. If one user is in a deep fade, the other
may still be able to relay its message to the receiver [83 [[37].

e Network coding: Users collect packets and, rather than simply forwarding them,
mix them according to a linear equation and forward the outcome. This increases
throughput rates by satisfying many demands concurrently [2t [76; 69].

At a relatively small scale, it is becoming increasingly clear how to implement these
cooperative techniques in practice [87: U8]. What is unclear is how to weave these
strategies into the fabric of a larger network. Substantial research advocates using a
cross-layer design that dispenses with the illusion of bit pipes and gives higher layers
in the network stack direct access to the physical medium. However, this would negate
many of the advantages of a modular design [70]. The strategies developed in this
thesis provide a natural solution to this problem by permitting a slight revision of the
physical layer. Instead of forcing the wireless medium to be a set of reliable bit pipes,
we can transform it to a system of reliable linear equations. Through several case
studies, we will show we can reap many of the advantages of cooperative strategies
while retaining a notion of modularity.

e Network Information Theory. The maximum rate of reliable communication across
a point-to-point channel (also referred to as the capacity) was completely character-
ized by Shannon [T42]. For the past several decades, researchers have attempted to
generalize this result to find the capacity region of networks with several transmitters
and receivers. There have been several successes including the multiple-access channel
(many-to-one) [3; 86] and the stochastically degraded broadcast channel (one-to-many)
[3T]. However, in general, the problem is still wide open. We will argue that this is,
in part, due to a “missing ingredient” in the standard achievability proofs: algebraic
structure.

e Distributed Signal Processing. There is an emerging body of work on how to
implement centralized signal processing algorithms in a decentralized fashion over a
communication network. Many of these studies use a bit pipe abstraction of the physi-
cal layer and then develop quantization schemes to run the algorithm over the network.
Using the tools developed in this thesis, some of the required computations can be car-
ried out directly on the channel. In some cases, this leads to new distributed signal
processing methods that significantly reduce the total energy and delay costs.

Contributions

e Computation Codes. Standard channel codes are designed to keep users’ messages
separated as they pass through a common channel. We propose a new set of coding
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techniques, computation codes, that provide error protection while harnessing the nat-
ural computation performed by the channel. Take the case of M transmitters that
communicate across a noisy adder to a receiver that wants the error-free sum of the
messages. In this example, our computation coding strategy assigns the same linear
code to all transmitters. Since the sum of codewords in a linear code is itself a code-
word, the sum of the messages will be afforded protection against noise as it traverses
the channel. For this example, this leads to an M-fold gain in rate over standard
strategies which require sending all the data to the receiver. We develop computation
codes for discrete alphabet channels in Chapter B and additive white Gaussian noise
channels (AWGN) in Chapter H.

e Compute-and-Forward. As mentioned above, cooperative communication schemes
have users in a network act as relays to send messages from sources to destinations.
Usually, the relay is given the choice of either decoding some part of the message
(decode-and-forward) or working directly with the analog observations of messages
from the wireless channel (compress-and-forward, amplify-and-forward). Our contri-
bution is that using computation codes relays can also choose to decode a linear func-
tion of the messages and send these towards the destination. This provides a digital
framework, compute-and-forward, for implementing cooperative schemes. In Chapters
and Bl we provide the foundations of compute-and-forward for discrete and con-
tinuous alphabet channels. One key feature is that channel state information at the
transmitters is not required. We explore applications of compute-and-forward in Chap-
ter Bl including network coding over wireless networks, distributed MIMO, and cellular
uplink.

e The Role of Structured Codes. In order to show the existence of codes that can
approach the capacity region of a given channel, most proofs (starting with Shannon’s)
have relied on the probabilistic method [7]. By evaluating the performance of a random
codebook in expectation, one can easily show that at least one good code must exist.
The key is to choose the right ensemble of codebooks to randomize over. For a point-
to-point channel, it suffices to use a codebook comprised of independent and identically
distributed (i.i.d.) codewords [T42]. Given a capacity theorem, it is often of interest to
demonstrate the existence of a capacity-achieving linear code as this is one step towards
a practical implementation of the scheme. However, the conditions for algebraically
structured random coded] to be capacity-achieving are often more restrictive than
those for unrestricted random codes. For instance, linear codes achieve capacity for
point-to-point channels only when the noise is symmetric [35; P]. Thus, it is tempting
to believe that i.i.d.. random codes are a strictly more powerful tool for proving

IFor brevity, we will often shorten “algebraically structured random codes” to “structured random codes”
or “structured codes.”
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capacity theorems. However, an elegant multiterminal problem developed by Koérner
and Marton showed that purely random code constructions are not always sufficient
[77]; structured random codes may be required on the achievability side of the proof.
In their problem, a decoder wishes to reconstruct the parity of two correlated binary
sources seen by separate encoders. Here, we generalize this observation to show that
in a network setting, even if we are only interested in communicating bits from one
end to another, structured random codes (especially linear and lattice codes) can be
more powerful than purely random codes.

e Physical-Layer Network Coding. The seminal paper of Ahlswede et al. demon-
strated that mixing packets at relays or network coding is required to achieve the
multicast capacity of wired networks []. For wireless networks, the gain from net-
work coding may be even larger than the gain for wired ones due to the broadcast
and multiple-access phenomena. Specifically, when a user transmits a signal, it is
seen (multiplied by some amplitude and phase) by all nearby users. Thus, users are
automatically given access to many packets. Moreover, due to the superposition of
electromagnetic transmissions and the multiple paths to each receiver, simultaneous
transmissions are observed by receivers as linear combinations. At a high level, one
could say that the wireless medium is performing network coding on the transmitted
signals by combining them in a random, linear fashion. However, if we simply operate
the network in an uncoded fashion to take advantage of this natural network coding,
noise builds up as signals are received and retransmitted and can significantly decrease
the overall rate. The tools developed in this thesis can be viewed as error-correcting
codes for wireless network coding. Specifically, the codes in Chapter Bl show how to
use the complex-valued operations of the wireless channel for computation over a finite
field (as required in most network coding schemes). We derive the multicast capacity of
finite field multiple-access networks in Section[5.3. We also develop an achievable strat-
egy for multicasting over AWGN networks and show that it performs strictly better
than first decoding the packets and then performing network coding.

e Sensor Network Strategies. In a sensor network, our goal is to obtain some function
of the sensor observations (e.g., the average temperature) either at a fusion center or
at individual sensor nodes. Since these nodes communicate across the wireless medium
to make their estimates of the desired function, they can exploit the channel to save
in both energy and delay. For this purpose, we develop source-channel computation
codes that are suited for communicating linear functions of continuous-valued sources
(instead of bits). We consider two specific examples. In Section Bl sensors have noisy
observations of a source that we wish to estimate at a fusion center. We show that
if the channel bandwidth is larger than the source bandwidth, computation coding
provides substantial energy savings. In Section [6.3, we consider a scenario where each
sensor must acquire an estimate of the global average. Gossip algorithms are a robust,
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distributed strategy for computing averages (and other functions) in sensor networks.
Here, we develop a gossip algorithm that exploits interference for faster convergence.

e Interference Alignment via Computation. Consider M transmitter-receiver pairs
that communicate over a time-varying wireless channel (often referred to as the M-
user fast fading interference channel). Each receiver observes a superposition of all
transmitted messages from which it must extract its desired message. Standard strate-
gies include orthogonalizing transmissions and treating undesired messages as additive
noise. However, these approaches can only provide a capacity per user that scales like
%. Surprisingly, through a new technique known as interference alignment, each user
can attain % its interference-free capacity as the signal-to-noise ratio (SNR) tends to
infinity [21]. In Chapter [0, we give a new perspective on interference alignment based
on computation. This results in a simpler scheme that allows each user to achieve at
least 1/2 its interference-free capacity at any SNR.

Outline

We begin with a review of i.i.d. random codes and random linear codes as they apply to
point-to-point channels in Chapter . We also include a full discussion of the Koérner-Marton
problem [77]. This is the first example of structured codes outperforming i.i.d. random codes
and is the inspiration for the backdrop of this thesis.

Chapter Bl develops computation codes that are optimal for computing linear functions
over finite field channels. For general functions and channels, we provide an achievable
strategy with examples in Section B4l Chapter Ml generalizes computation codes for AWGN
networks. Specifically, we use nested lattice codes to perform finite field computations over
channels that operate on the complex field. These tools form the underpinnings of our
compute-and-forward strategy for networks with interference.

We demonstrate the effectiveness of compute-and-forward for communicating bits across
a network in Chapter Bl We begin with an idealized cellular uplink model in Section Bl
Next, we consider a distributed MIMO problem under slow fading in Section B2 Then
we delve into network coding by determining the multicast capacity of networks comprised
of finite field multiple-access channels in Section B33 Afterwards, we use our lattice
computation codes to give achievable rates for AWGN multiple-access networks in Section
332 Finally, in Section 54, we take a look at the two-way relay channel with fading and
use compute-and-forward to achieve higher outage rates.

Chapter [l looks at applications of computation coding to distributed signal processing in
wireless networks. We show how to exploit the wireless channel when one central terminal
wants to estimate a source from many noisy observations in Section Gl We also show these
gains can be conferred to a completely distributed scenario wherein every sensor must obtain
an estimate of the global average without any centralized processing. Specifically, we develop



Chapter 1. Introduction

a gossip algorithm that exploits the broadcast and multiple-access properties of the wireless
channel for faster convergence in Section 6.3

In Chapter[d, we develop a new scheme for interference alignment over time-varying chan-
nels. The main result is that for the fast fading M-user Gaussian interference channel, each
user can achieve at least half its interference-free capacity at any SNR. We also investigate
more general message sets such as when each receiver wants messages from more than one
transmitter. We end with a look at a finite field interference channel for which we can derive
the capacity region and its implication for general interference channels.

Finally, in Chapter B we summarize our results and discuss open problems and new
directions for this line of work.



Chapter 2

Preliminaries

We now give a brief overview of some key results in information theory and the tools used
to derive them. We begin with the capacity theorems for the point-to-point channel and
the multiple-access channel. These results are usually derived using i.i.d. random codes
but in some special cases random linear codes are also sufficient. Next, we look at lossless
compression for a single source and multiple, distributed sources (the Slepian-Wolf problem).
These problems are solvable both using i.i.d. random codes and random linear codes. Finally,
we discuss the Korner-Marton problem, a distributed compression problem for which the
proof relies on random linear codes. This sets the stage for the results in subsequent chapters
which all rely on some algebraic structure in the coding scheme.

For completeness, we recall the standard definitions of entropy, conditional entropy, and
mutual information from [29, Ch.2]. These quantities have a precise operational mean-
ing in the context of reliable communication systems which we describe below. Note that
throughout this thesis, log specifies the logarithm in base 2. We use uppercase letters
to denote random variables and superscripts to denote vectors of them. For example,
Uk = (U1],U[2],...,U[k]) and X7 = (X;[1], X;[2],..., Xj[n]). We may also denote a vec-
tor with a bold, lowercase version of the random variable, where the length can always be
inferred from context. For example, u = (U[1],U[2],...,U[k]). Bold, uppercase letters will
be used for matrices.

Definition 1 (Entropy). Let X € & be a discrete random variable with probability mass
function (pmf) px(x). Its entropy is

H(X) == px(z)logpx(x). (2.1)

reX

Definition 2 (Conditional Entropy). Let X € X and Y € ) be discrete random variables
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with joint pmf pxy(z,y). The conditional entropy of X given Y is
H(X|Y) = ZZPXY z,y) log pxpy (z]y). (2.2)
zeX yey

Definition 3 (Mutual Information). Let X € X and Y € ) be discrete random variables
with joint pmf pxy (z,y). The mutual information of X and Y is

ZZPXY r,y) log ox (@ )< (>) (2.3)
zeX yey py\y
We also recall the notion of joint typicality.

Definition 4 (Joint Typicality). Given a joint pmf pxy(x,y), the set of jointly typical
sequences AE”) is the set of all pairs (z",y") whose empirical entropies are close to the true
entropies:

AP = {(a", ") 24
‘_% log p(z") — H(X)' <e (2.5)
o) — H(Y)| <« (26)
‘_%]ogp(:p",yn) —H(X,Y)' < 6} (27)

where p(a™, y") = [, pxvy (@i, ¥i).

Lemma 1. Assume that (X", Y™) is generated according to p(x™, y™) = [, pxy (zi,yi) for
some pxy(x,y). The set Al satisfies the following three properties:

1. Pr(X",Y") € A™) =1 asn — oco.
9 |A£")\ < QUH(X.Y)+e)

3. If two independent sequences X" and Y™ have the same marginal distributions as X"
and Y™, then Pr((X",Y") € A™) < 27n(I(X3Y)=3q),

See [29, Theorem 7.6.1] for a proof.
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2.1 Point-to-Point Channels

Consider a transmitter and a receiver that wish to communicate over a noisy channel (see
Figure EZT]). The goal is to send messages reliably at the highest possible rate. This is the
channel’s capacity and was defined and completely characterized by Shannon [T42].

X" yn» N
w—| & Pyx D

Figure 2.1: Reliable communication across a noisy channel.

More formally, each channel has a finite input alphabet X and finite output alphabet
Y. The probability that an input symbol x € X results in an output symbol y € )} is
specified by py|x(y|z). Assume that we are given n € Z, channel uses and that the channel
is memoryless so that the output at time ¢ only depends on the input from time ¢:

p(y"lz") = HPY|X(yi|$z’) (2.8)

The transmitter has a message chosen randomly and uniformly from the set

{1,2,...,2"%} for some rate R > 0. This message is mapped onto a length n codeword
through a fixed encoding function &€ : {1,2,...,2"%} — X™. The collection of all possible
codewords is called the codebook

C= {X”:X”zé’(w) for some w € {1,2,...,2"3}}. (2.9)

Once a message is encoded into a codeword X", the symbols are sent over the channel. The
resulting sequence of channel outputs Y™ is then fed into a decoding function D : V" —
{1,2,...,2"F},

The average probability of error P, of a codebook C is

onR

P, =273 "Pr(D(Y") # w| X" = E(w)) (2.10)

We say that a rate R is achievable if for all ¢ > 0 and n large enough, there exists a
deterministic encoding function £ with rate R and associated deterministic decoding function
D with probability of error no greater than €. Thus, as n tends to infinity, the probability
of error can be driven to zero. Finally, we define the capacity to be the supremum of all

10
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achievable rates.

Theorem 1 (Shannon). The capacity of a discrete memoryless channel is given by

C =maxI(X;Y). (2.11)
px ()

Proof. To prove this result, we need to show the existence of a sequence of good codebooks
whose rates approach C'. This is usually called an achievability proof. One popular proof
technique is known as an i.i.d. random coding argument. We now list some of the main
steps and refer the interested reader to [29, Theorem 7.7.1] for more details. Choose some
¢ > 0 and let px () be the probability mass function that maximizes I1). Each of the 2"%
codewords is generated i.i.d. according to the product distribution

(z") = H px (). (2.12)

Now assume that a message w is mapped into its codeword X" (w) and sent over the channel,
resulting in channel output Y. If given Y™, there is exactly one X" in the codebook that
is jointly typical, then the decoder outputs the message associated with that codeword.
Otherwise, if there is no jointly typical codeword or more than one, it declares an error.
Thus, there is an error if (X" (w),Y™) is not jointly typical, which by Property 1 of Lemma
[M can be made smaller than 5 for n large enough. There is also an error if another message’s
codeword X" (w) for w # w 1s jointly typical with Y. Since the codewords are i.i.d. then
we can apply Property 3 from Lemma [ to get:

Pr((X™(w),Y") € A™) < 27nl(X3Y) =39 (2.13)

Using the union bound, we bound the average probability of error:

P, < Pr((X"(w),Y") ¢ A™) + > Pr((X"(@),Y") € A™) (2.14)
wWH#W
€ —n(I(X;Y)—3¢)
<5+ Z 2 (2.15)
WH#W
< g+2—n(I(X;Y)—R—3E) (2.16)

Thus, for n large enough, we can drive the probability of error down to € for any R <
I(X;Y) — 3e. Note that this is the probability of error averaged over the randomness in
the codebook and we require fixed encoding and decoding functions in our definition of an
achievable rate. However, since the average probability of error is at most € then at least
one fixed codebook must have probability of error at most € (or else the average would

11



Chapter 2. Preliminaries

be larger). By taking an appropriate sequence of codebooks, we approach the capacity C
arbitrarily closely.

Using Fano’s inequality, we can also show the converse: no rate greater than C' is possible
with a vanishing probability of error ( see [29, Theorem 7.7.1]). O

We now show that codes with linear structure can, in some special cases, approach the
capacity of a point-to-point channel. Let F denote a finite field.

Definition 5. Assume each codeword x is a length n vector in a finite field, x € F". We
say a codebook is C = {x1,Xa,...,Xgnr} is linear if the sum of any two codewords is itself
a codeword, x, + X, € C Vx,,X; € C.

Theorem 2 (Elias). For any discrete memoryless point-to-point channel, any rate R <
I(X;Y) for X drawn uniformly from X is achievable using linear codes.

This result follows naturally by combining the lemma below (generalized from the binary
case in [49, §6.2]) and the union bound argument used for the proof of Theorem [II.

Lemma 2. Let G € F¥*" be a random matriz with i.i.d. uniform entries and v a vector
drawn independently and uniformly over F™. Then, for any wy € F*, w1 G @ v is uniformly
distributed in T and, for any wo # w, € F¥, w G @ v and wyG @© v are independent.

Proof. Given w; and G there is exactly one v that will map w; to each possible x;. Thus,
the probability of mapping w; to some x; is P(x1) = |F|~™.

Since wy # wi, they must differ in at least one position, say the k™. Then, for any
r = x; + X, € F” and any G with all rows specified except gy, there is exactly one choice
of gy such that w;G + woG = r. For this G, there is only one v that maps w;G + v to a
given x;. From these facts, we can show that the probability of mapping (wy, ws) to a pair
(X1,Xg) is P(x1,Xg) = |F|7"*+D|F|"k=1) = |F|=2", Thus, input sequences are mapped to
output sequences in a pairwise independent fashion. O

Note that in the probability of error analysis in the proof of Theorem [, we employ a
union bound in (ZT4)) that only requires pairwise independence between codewords. Thus,
we can use a random matrix with a random shift to generate our codewords and achieve
any rate available under a uniform input distribution. Note that if we do not use the shift,
the resulting code has the same performance since this just amounts to a reindexing of the
messages. From here, we can show that there exist linear codes that can approach any rate
up to I(X;Y) for X drawn from a uniform distribution. Recall the following definition from
@9, p.94].

Definition 6. We say that py|x is symmetric if the output symbols in J can be placed into
subsets such that for each subset the probability transition matrix satisfies the following two
conditions:

12
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1. Each row is a permutation of every other row.
2. Each column is a permutation of every other column.

It is well-known that if py|x is symmetric then the uniform input distribution is capacity-
achieving. Otherwise, a result due to Ahlswede shows that linear codes cannot achieve
capacity for asymmetric channels [2]. Thus, for point-to-point channels, linear codes can,
in some cases, approach the capacity but, in general, they cannot. This suggests that i.i.d.
random codes are a more versatile tool for proving capacity theorems. In fact, one can use
generalizations of the i.i.d. random coding argument to derive the capacity regions of the
multiple-access channel [3;86], stochastically degraded broadcast channel [31], and physically
degraded relay channel [32], just to name a few. In all of these situations, linear codes only
reach capacity if the noise satisfies certain symmetry conditions.

2.2 Slepian-Wolf Problem

We now review the Slepian-Wolf distributed compression problem.

Ry
Si—| & // G
Ry gz.c
S5 & p |-
Ry o
Sk—| & A

Figure 2.2: Slepian-Wolf Problem

There are L encoders, each of which observes a length k source vector SF € SF (see
Figure ). The L-tuple of source vectors (S¥, S5 ..., S¥) is generated i.i.d. accord-
ing to pg,s,.-5, (51, 82,...,5). Each encoder maps its observation into nR, bits: & :
Sy — {1,2,...,2"}. Tt then sends these bits to the decoder which makes an estimate
(SF Sk ..., S¥) using its decoding function:

D:{1,2,..., 2"} x ... x {1,2,..., 2"} 5 SFx o SE (2.17)

The probability of error P, is just the probability that the estimate is not equal to the original
L-tuple of source vectors. We say that the rates (Ry, R, ..., R;) are achievable if for all
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e > 0 and k large enough, if there exist deterministic encoding functions & and decoding
function D with probability of error no greater than e. The goal is to compress the sources
using the lowest possible achievable rates.

Let Sz denote the subset of (S1,952,...,5,) with indices in the set Z C {1,2,...,L}.
The following result of Slepian and Wolf shows that even though the sources are encoded
separated, there is no difference in sum rate from a centralized solution [145].

Theorem 3 (Slepian-Wolf). A rate tuple is achievable if and only if the following constraints
are satisfied:

> Ry> H(S7|Sze) VIC{l,2,...,L} (2.18)

Lel

Proof. One elegant proof of this theorem is the random binning argument (first used by
Cover in [B0]). Each encoder ¢ randomly and independently assigns each possible source
sequence s to an index wy € {1,2,...,2"%} according to a uniform distribution. When it
observes SF, it simply transmits the assigned index to the decoder (which is aware of the
encoders’ codebooks). Given all these indices, the decoder has a list of possible L-tuples
of source vectors. It now determines which of these L-tuples is jointly typical. If there
is only one, it outputs this as its estimate; otherwise, it declares an error. Thus, there is
an error if (S¥, S5 ... S¥) is not jointly typical or there is more than one jointly typical
sequence assigned indices wq, ..., wyr. First, recall that by Lemma [ for k large enough,
(S§,S%,...,5F) is jointly typical with probability greater than 1—5. Now, consider a jointly
typical L-tuple (S¥,S¥, ..., SF) with S’f # S¥ for ¢ € T and gf = S¥ for ¢ € €. From [29,
Theorem 15.2.2], the number of such sequences is upper bounded by 27H(5zlSz¢)+2¢) = The
probability that sequence is assigned the same indices is just 2 "2z By the union
bound, we see that the probability of error can be driven to zero for k large enough so
long as the rate constraints in ([(ZI8) are satisfied. Since this random assignment has a low
average probability of error, there must exist at least one good fixed assignment with low
probability of error. The converse argument follows easily and we refer the interested reader
to [29, Theorem 15.4.1] for more details. ]

We note that the Slepian-Wolf problem can also be solved optimally using linear codes
as shown by Csiszar [62].

Theorem 4 (Csiszar). There exist linear codes that can approach the rate region of the
Slepian- Wolf problem.

All we need for the random binning argument is that sequences are assigned to indices
in a uniform fashion and that these mappings are pairwise independent. From Lemma [ a
matrix whose entries are drawn i.i.d. uniform over a finite field has exactly these properties.
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2.3 Korner-Marton Problem

We now turn to a distributed compression problem for which a random linear coding argu-
ment yields the optimal rate region yet a random binning argument does not. Although to
date there is no proof that linearity is strictly necessary, this example shows that algebraically
structured codes are useful for proving capacity theorems.

There are two encoders which each observe a source vector S§ € {0, 1}*. The sources are
generated i.i.d. from the following joint pmf:

Pl"(Sl = O,SQ = 0) = Pl"(Sl = 1,52 = 1) = —
Pr(S, =0,8, =1) = Pr(S; =1,5, =0) = g (2.19)

A simple calculation will show that S; and Sy have uniform marginal distributions. The goal
is to reconstruct the mod-2 sum, U = S} & 55, at the decoder with vanishing probability of
error (see Figure 23).

Ry

Sf—> 51

Ry

Sg—’ 52

Figure 2.3: Korner-Marton Problem

Each encoder maps its observation S¥ into nR, bits:

E: {01} — {1,2,...,2"%} =12 (2.20)

and the decoder makes an estimate U* of the mod-2 sum using its decoding function:
D:{1,2,...,2") x {1,2,... 2"} = {0,1}F (2.22)
The probability of error is given by P, = Pr(U* # U*). We say that the rate pair (R, Ry) is

acheivable if for all € > 0 and k large enough, if there exist deterministic encoding functions
&r and decoding function D with probability of error no greater than e. Let hg(p) be the

15



Chapter 2. Preliminaries

binary entropy function:

hs(p) = —plogp — (1 —p)log (1 — p) (2.23)
and note that H(U) = hg(p).

Theorem 5 (Kérner-Marton). The rate region for distributed compression of U = S; @ S
1s given by the following constraints:

Ry > hp(p) (2.24)
Ry > hg(p). (2.25)

Proof. (Achievability.) Choose a linear source code, G € {0,1}"*" with rate R > hp(p)
that is sufficient for losslessly compressing U. Have each encoder apply this code to its
observed source vectors s; and s, to get w; = s1G and wy = soG. These codewords are
sent to the decoder which computes w; @& wy = 851G @ s5G = uG. Since G was chosen for
recovering U, decoding is successful.

(Converse.) Consider the relaxation where the decoder has full knowledge of Sy and
we would like to jointly encode S; and U to losslessly reconstruct U at the decoder. Note
that any scheme that accomplishes this also gives the decoder a lossless reconstruction of S;.
Thus, it can be shown that for joint encoding, R > H(S1,U|Sy) = H(U|Ss) = H(U) = hg(p)
is required for a vanishing probability of error. This implies that for separate encoding of
S1 and U, Ry + Ry > hp(p). Similarly, we can get that Ry + Ry > hg(p). Setting Ry = 0

gives the desired result. O
Ry SW
1+ hp(p)
K-M
hn(p) p == -

:

1

1
hs(p) Ry

Figure 2.4: Korner-Marton and Slepian-Wolf rate regions for the distributed compression of the
parity of two dependent sources.
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For random binning with rates satisfying:

Ry > hp(p) (2.26)
Ry > hp(p) (2.27)
Ri+Ry>1+ hB(p) (2.28)

it is easy to show that the decoder can reconstruct the source vectors S¥ and S and U*
follows by taking the mod-2 sum (see Figure 24 for a comparison of the Koérner-Marton
and Slepian-Wolf rate regions for this problem). We now argue that with random binning
the mod-2 sum cannot be recovered at smaller rates. Suppose that Ry + Ry < 1 + hg(p).
We can correctly decode the sum with high probability if all typical pairs assigned to a
particular pair bin indices have the same mod-2 sum. This ensures that the decoder will not
get confused between several possible sums. There are approximately 2" +#5®) typical pairs
but there are at most 2" pairs with the same mod-2 sum (even including atypical sequences).
Thus, two typical pairs assigned to the same bin indices only have the same mod-2 sum with
vanishing probability. As Ry + Ry < 1+ hp(p), we will definitely have many typical pairs
assigned to the same bins and these will almost certainly have different mod-2 sums. As a
result, we cannot recover the mod-2 sum correctly at the decoder.

The Korner-Marton problem demonstrates that there exist problems for which purely
random coding arguments are insufficient. However, the gains depend on the source depen-
dencies; for independent sources, there is no advantage to linear codes. A similar phenomenon
has been discovered for correlated Gaussian sources by Krithivasan and Pradhan [80]. There
if the sources are positively correlated and we only demand the difference at the decoder then
lattice coding can be helpful. In the next two chapters, we show that for computation over
noisy channels, structured codes offer significant benefits even if the sources are independent.
Then, in Chapter Bl, we show that linear and lattice codes can help prove new achievability
results even when we are only interested in sending independent messages across a network.
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Chapter 3

Compute-and-Forward: Discrete
Alphabets

Computation and communication are often viewed as distinct problems. A communications
engineer, tasked to design a multi-user system for performing computations while facing
communication constraints, would almost certainly employ a version of the “separation prin-
ciple.” The system would employ a (distributed) source code to compress the sources into
bits and a channel code to losslessly convey these bits over the noisy channel. The perceived
reason for this design choice is two-fold. First, the abstraction of the sources and channel to
bits lends itself to a universal, modular design. Second, it seems that the only gain from a
joint source-channel design stems from exploiting the correlations between the sources as in
25 .

In this chapter, we study the problem of computing functions over multiple-access chan-
nels (MACs) and show that in many cases of interest, a joint design can exploit a match
between the structure of the channel and the function to be computed. This structural gain
does not hinge on the correlations between the sources and, with a perfect matching, increases
the computation rate proportionally to the number of users. Furthermore, our underlying
schemes are modular and depend primarily on coding techniques originally developed for
their lower complexity.

Instead of fighting the interference caused by other users, our codes exploit channel colli-
sions to compute functions efficiently. This can be thought of as a form of passive cooperation
between transmitting terminals. More precisely, in the standard literature, cooperation is
often considered in terms of the correlations (and more generally, dependence) it creates
between transmitted signals, thus permitting it to outperform the communication perfor-
mance attainable without cooperation. It should be clear that correlated signals only result
in improved performance if the correlation between the signals is appropriately matched to
the structure of the multiple-access channel. In our considerations, the goal is no longer to
communicate messages, but a function thereof. By using appropriate codes, the transmitters
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cooperate to realize an enhanced communication performance. Again, it should be clear that
this only results in a gain if the desired function is appropriately matched to the structure
of the multiple-access channel. In this chapter, we provide two strategies for computing
functions over multiple-access channelsl]

Summary of Results

In this chapter, we focus on sources and channels that take values over finite alphabets. Our
constructions are based on linear codes over finite fields and, as a result, our schemes work
best when the desired function is linear. For non-linear functions, we find a one-to-one map
onto a linear function which is transmitted over the channel and mapped back to the desired
non-linear function.

First, we will bound the performance of separation-based schemes in Section B2 For
many functions, if the sources are independent, then the best a separation-based scheme can
do is have each encoder send its source in its entirety.

Next, in Section B3], we propose a strategy that we call linear computation coding. Essen-
tially, each encoder employs the same linear code. If the channel is a noisy linear function
of its inputs, then the receiver will observe the codeword for the desired linear function
corrupted by noise and this scheme is optimal. More generally, so long as the mutual infor-
mation between a linear function of the channel inputs and the output is non-zero, we can
compute at a non-zero rate.

We take a different approach in Section B4l which is useful when the channel is not a
linear combination of its inputs. First, the encoders transmit their sources in an uncoded
fashion and the receiver collects this as side information. Then, using a separation-based
scheme, the encoders send a few extra bits to the decoder to help it decode the desired
function. This scheme is called systematic computation coding.

Finally, in Section B-Al we give upper bounds on the computation capacity.

Related Work

Shannon showed in his landmark paper that separate source and channel code design is
asymptotically optimal in a point-to-point setting [T42, Theorem 21]. This insight has fueled
a design philosophy based completely on bits. Although in many cases of interest, such an
approach is optimal, it is well-known that in certain scenarios separation fails. For instance,
Cover, El Gamal, and Salehi demonstrated that separation is suboptimal for transmitting
correlated sources over a MAC in [28]. Their joint source-channel scheme uses the source
correlations to create channel input probability distributions unavailable to a separation-
based scheme. Exploiting the source correlations in this fashion is sometimes known as

'The material in this chapter is drawn from [T04].
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collaborative gain. Ahlswede and Han continued work on the problem of sending correlated
sources over a MAC in [5]. In particular, they considered a variant of the problem in which
only one of the sources had to be recovered.

In [54; 52], an uncoded joint source-channel scheme is shown to be optimal (and signif-
icantly better than separation) for estimating a remote source from multiple observations.
Although at a first glance, the scheme seems to benefit only from the correlations between
the observations, it also exploits an ideal structural match between the channel, a Gaussian
MAC, and the sufficient statistic, the sum of the observations. This uncoded transmission
framework has been extended to more general sensor network estimation problems in [93;
2.

In [56], function properties are used to reduce the amount of required communication in
a large sensor network. For many functions, the sensors can process incoming data before
sending it along to the fusion center, thus reducing the communications overhead. Related
work has developed upper and lower bounds on the network computation problem wherein
multiple source nodes communicate over a graph of bit pipes to a single receiver that wants
a function of the sources [9].

Reliable distributed computation has been studied from the source coding perspective
as well. The general problem is still open and seems prohibitively difficult with current
techniques. Korner and Marton found the rate region for distributed compression of the
parity of two correlated uniform binary sources in [77]. Their proof relies on random linear
codes and their gains come entirely from the correlation between the sources. The seeming
necessity of linear codes for this simple problem implies that random coding techniques are
inadequate for the general problem. Doshi et al. showed that in special cases where a “zig-
zag’ condition is satisfied, graph coloring combined with Slepian-Wolf coding is sufficient
37

In [TT7], Orlitsky and Roche determined the required rate for sending X to a decoder with
side information Y that must reliably compute f(X,Y"). This is essentially a generalization
of the Korner-Marton parity problem to any function except that the decoder gets Y for
free. The basic result is that in most cases of interest, we must send X in its entirety to the
decoder; further compression is only possible if for some x and 2/, f(z,Y) = f(2',Y) with
probability 1. In many cases, the gains enabled by requiring only a function of the sources
at the decoder versus the sources themselves are marginal.

Earlier work by Yamamato established the rate-distortion function for sending X to a
decoder that must reconstruct f(X,Y’) up to a given fidelity given Y as side-information
[T59]. In [45], the authors extend the rate-distortion function to the case where only a noisy
version of X is available at the encoder.

Ma and Ishwar solved an interactive distributed source coding problem related to the side
information problems above [89]. One encoder observes X and another observes Y. These
encoders exchange messages in a multi-round protocol in an attempt to compute f(X,Y) to
a given fidelity. Further results appear in [90)].
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Krithivasan and Pradhan have developed a framework for distributed source coding using
nested group codes [82]. In their considerations, the decoder is interested in a general function
of the sources and they are able to include many known source coding results as special cases.

3.1 Problem Statement

We begin with several transmitters that wish to communicate a function to a single receiver
across a multiple-access channel (see Figure Bl). The goal is to reliably reconstruct the
function at the receiver at the highest possible rate.

b n .
Sh— & 2 Pyix,x,..x, Yoot

X7 : : , ,
St —| &L Ulil = f(Sildl, Sali], -, Sclil)

Figure 3.1: Reliable Computation over a MAC. The decoder only reconstructs a function of the
sources.

Remark 1. We assume that time is discrete. This can be justified by the well-known fact
that any continuous-time system with finite bandwidth can be reduced to a discrete-time
system using the sampling theorem [TT3; [78; M43]. In nearly any practical setting, finite
bandwidth is assured.

Definition 7 (Sources). Let (S¥,S%,...,S%) be an L-tuple of length k source vectors drawn
i.i.d. according to pg,s,..s, (51, S2, - - ., Sr). Each source Sy takes values in the finite alphabet

Sy

Definition 8 (Desired Function). Let U be a finite alphabet and f the desired function of
the sources:

f281X82X"'SLHu. (31)

In some cases, we may want the receiver to recover several functions f, ..., fy of the sources
in alphabets U, . . .,Uy, respectively.
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Definition 9 (MAC). The multiple-access channel is specified by a conditional pmf

pY|X1X2"~XL (y|x17 H I ;xL) (32)
with channel inputs z, € X, and channel output y € ).

Definition 10 (Computation Code). A (k,n,€) computation code is specified by M encoders:
E:SF— A, (3.3)
for ¢ =1,2,...,L, as well as a decoder:
D:Y" - U, (3:4)
such that:

X7 = &(Sy)
U* = D(y™)
Pr(U* # U*) <e. (3.5)

Definition 11 (Computation Rate). We say a computation rate, Rcomp, is achievable if
Ve € (0,1) and n large enough there exists a (k,n, €) code satisfying:

k
- > Rcowp- (3.6)

Definition 12 (Computation Capacity). The computation capacity, Ccomp, is the supre-
mum of all achievable computation rates.

3.2 Separation-Based Computation

If we want to reliably send a single source over a noisy channel, then it is known that
compressing the source into bits and communicating these reliably over the channel is optimal
[T42]. This result, due to Shannon, is known as the separation theorem. The separation-
based approach generalizes naturally to a network setting. Essentially, each transmitter
compresses its source into bits and a channel code communicates these bits to the receivers
which then attempt to recover the sources (or functions thereof). Although in many special
cases, such an approach is optimal, it is well-known that in certain networks separation fails.
For instance, Cover, El Gamal, and Salehi demonstrated that separation is suboptimal for
transmitting dependent sources over a MAC in [28]. Their joint source-channel scheme uses
the source dependencies to create channel input probability distributions unavailable to a

22



Chapter 3. Compute-and-Forward: Discrete Alphabets
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Figure 3.2: Separation-based computation over a multiple-access channel.

separation-based scheme. Our results show that the separation-based approach is suboptimal
for sending functions over a channel, even if the sources are independent.

In this section, we formally define what we mean by a separation-based scheme for com-
putation over a MAC (see Figure B2). This will give us a baseline against which we can
evaluate the performance of our computation codes.

Definition 13. The distributed compression rate region, Ry, is the set of all rate vectors
(R1, Ra, ..., Rp) such that for all ¢ > 0 and k large enough there are L source encoders and
a source decoder of the form:

EYSF— {0, 1} (3.7)
D% {0, 1}H1 5o x {0, 13H — ¥,

for £ = 1,2,..., L such that the desired function U = f(S1,Ss,...,S5L) can be recovered
with probability of error at most e:

U" = DS(E7(SY), -, EL(ST))

Unfortunately, as of the writing of this thesis, the distributed compression problem re-
mains unsolved. Korner and Marton solved the special case where there are two correlated,
uniform, binary sources and we want to recover their parity [77] (see Section for more
details). Recall also that the rate region for complete recovery of the sources was character-
ized by Slepian and Wolf in [T45] (see Section EZZ). Orlitsky and Roche solved the special
case where all but one of the sources are given to the decoder as side information [T17].
The required rate is given by a graph entropy characterization and is reviewed in detail in
Section BATTl We will use their result to establish the distributed compression rate region
for a restricted class of functions with independent sources as inputs. Essentially, if no input
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symbols can be merged without incurring errors and the sources are independent, then the
sources must be sent in their entirety.

Lemma 3. Assume that the sources are independent and the desired function, f, is chosen
such that for each pair of possible source symbols at an encoder, sy, s, € Sy, there is a choice
of 81,82, ..,80-1,Sp+1,--.,Sr such that:

Pr(f(s1y.--ySey...y80) # f(S1,...,85,...,51)) > 0.

Then, the rate required for each decoder for distributed compression of f is Ry > H(Sy).
See Appendix B AT for a proof.

Example 1. Let S1,55,...,5; be independent sources drawn uniformly from the same
alphabet. Then, real addition, U; = Zngl Sy, and multiplication, Uy = Sy - Sy - ... - ST,
satisfy the conditions of Lemma Bl

After the sources are compressed into bits, then these bits must be reliably communicated
over the multiple-access channel. Ahlswede and Liao concurrently determined the rate region

for the MAC [3} 86

Definition 14. Let each encoder’s message w, be independently and uniformly drawn from
{0, 1}, The multiple-access rate region, Ryac, is the set of all rate vectors (Ry, Ry, ..., Ry)
such that for all € > 0 and n large enough there are L channel encoders and a channel decoder
of the form:

EC {0, 13— xp (3.10)
DC Yy — {0,131 x ... x {0, 1}, (3.11)

for £ =1,2,..., L such that all bits can be recovered with probability of error at most e:

(w1, ..., 0L) = DE(Y™)
PI‘((ﬁ]l, - ,’LZJL) 7é (wl, . ,’LUL)) < €. (312)

Theorem 6 (Ahlswede-Liao). The multiple-access rate region, Rysac, is the closure of the
convex hull of the set of all rate vectors, (Ry, Ra, ..., Ry), satisfying:

Y R < I(XpY|Xze) VIC{1,2,....L}, (3.13)

Lel

for some product distribution p(xy, Ty, . .., x) = [[1oy p(ze) where Xz = {X,: L € T}.

24



Chapter 3. Compute-and-Forward: Discrete Alphabets

See [29, Theorem 15.3.1] for a proof.
It is often easier to deal with the MAC rate region in terms of its maximum sum rate.

Definition 15. The mazimum sum rate of a MAC is:

CMAC = max Rz. (314)
(R1,R2,...,RL)ERMAC =

Definition 16. We say that the maximum sum rate of a MAC is symmetric if R} = R; =
- = R} where

L

(Ri,R;,...,R;) € arg max ZRZ’ (3.15)
(R1,Ra,....RL)ERMAC

We can now formally define what we mean by separation-based computation.

Definition 17. A computation rate Rcomp is achievable with separation if:

A;:{( f fi ):(Rh”.Jﬁ)eRMM}

e
Rcowmp Rcomp

R;NA#D. (3.16)

As shown in [28], when we want to send dependent sources over a MAC, separation is
not optimal. Clearly, if we allow our sources to be dependent but only require a function of
these sources at the decoder, a separation-based scheme may not be optimal for the same
reasons. However, even if we assume that the sources are independent, we still do not get a
separation theorem as shown in the following example, taken from Problem 1.1 in [51].

Example 2. Let S; and S5 be independent B (%) sources. Each source is seen by a separate
encoder with access to one terminal of a MAC. The MAC input alphabets are X} = A5 =
{0,1} and the output is ¥ = X; @ X5. The maximum sum rate of this MAC is clearly
Cuac = 1. At the decoder, we would like to losslessly compute U = S; @& S;. Using Lemma
and the data processing inequality, it can be shown that the best separation-based scheme
achieves a computation rate of Rcomp = % The separation-based scheme just amounts
to using two channel uses, one to transmit each source. However, if we set X, = S, then
the channel computes the function directly and we can achieve the computation capacity

Ccomp = 1 (see Lemma B for the converse).

As the example demonstrates, sometimes we can compute the desired function using the
channel. In these cases, joint source-channel schemes can achieve a much higher computation
rate than separation-based schemes, sometimes a factor of L higher. Of course, the above
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example is somewhat contrived, as the channel performs exactly the operation we desire and
there is no noise. Our results show that using the channel’s natural operation to compute a
function can give us boosts over separation-based schemes, even when the channel is noisy.

3.3 Linear Computation Codes

In this section, we develop computation coding strategies that are well-suited for communi-
cating linear functions. Each transmitter maps its observed source vector onto a codeword
drawn from the same linear codebook. The receiver then attempts to directly decode the
desired linear function from the channel output. In the special case where the channel itself
is a noisy linear function, this attains the computation capacity.

Let F denote a finite field and let & and @ denote addition and summation over the
field, respectively. (We reserve + and ) for addition and summation over the complex field

C.)

Definition 18 (Linear Functions). Assume the sources take values on a finite field, Sy = F.
We say the desired function U is linear with respect to F if it can be written as:

Uli] = €D aSeli] (3.17)

for some oy € F.

Theorem 7. Assume that S; = F, |X,| < |F|, and the desired function U is linear with
respect to F. Choose any one-to-one (injective) functions from the finite field onto the input
alphabets, c; : B — X,. The following computation rate is achievable:

(@ (XY

Rcomp = HO) (3.18)

for Xy drawn independently and uniformly over the range of c,.

Proof. Let s, = SF, u = U}, and choose ¢ > 0. Using Theorem H, choose a matrix B of
H(U)+e
log, |F|

size k x m over I for compressing U. If m =k ( ), then with probability greater than

1 — €, u can be recovered from wy = uB. Each encoder applies B to its source to get its
message w; = ays,B.

Now, randomly generate a channel coding matrix G of size m x n with each element
chosen independently and uniformly over F. Each encoder multiplies its message by G to
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get X, = wyG and then applies ¢, symbolwise to get the sequence of channel inputs x,:
x; = ca(%e) = (K1) e Kel2]) -+ el Keln])| (3.19)

Note that for all possible choices of source vectors s},...,s} € F* such that u =
@ZLZI ays;, the corresponding codewords x; = ¢;(ays;BG) satisfy:

o' (x;) =
/=1 =1

P -
@h

L L
el (x0) = @agSgBG = @WUG. (3.20)
=1 =1

Thus, we can treat the problem as if wy was directly encoded into a “channel input”
xy = @, ¢, (x,) and observed at the receiver as y. We can solve for Py|@h, e (x,)
from py|x,..x, and then proceed as we would in a point-to-point channel coding problem.
Note that there are The receiver looks for a sequence Xy that is jointly typical with its
received sequence y. There is an error if (xy,y) is not jointly typical or there is another
typical xj; # xy such that (x{,,y) is jointly typical. Using Lemma [, we have that for n
large enough, the probability that (xy,y) is not jointly typical is upper bounded by §. Since
the codewords of G are pairwise independent, then it follows that:

Pr((x},y) € AM) < 2 (@i e Xo)-3¢) (3.21)

By the union bound, the probability of error, averaged over G, is upper bounded by

P, < §+ S o ((@kaer oY) ) (3.22)
X{#AXU

< £ 4 2 (1(@ ooy 50 (3.23)

= £ i (i (@k 7 (x0) ) (3.24)

For n large enough and mlog, |F| < n (I (@ZLZI e, N (Xy); Y) — 36), we can drive the prob-

H(U)+e
log, |F|

ability of error below e. Substituting m = k ( >, we get the following requirement

(B, 7 (X)), Y) — 3¢
%< (@ H(U)i€> . (3.25)

By choosing € small enough, we can achieve the computation rate in the theorem statement.
Finally, we can argue that there must exist at least one good fixed G since the average
performance was good. O
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In general, the achievable rate in Theorem [0 is not optimal as shown in the following
example.

Example 3. Let S; and Sy be i.i.d. B(%)E Assume we want U = Sy @S2 and the channel
is the binary product of binary inputs, ¥ = X; ® Xs. It can be shown that for all possible
co, I(er ' (X1) @ ey ' (X2); X1 © Xp) = 1—3hp(L) ~ 0.311. Since H(U) = 1, the computation
rate is Rcomp ~ 0.311. By Lemma B, the best separation-based scheme requires sending
both sources and can achieve Rcomp = %

3.3.1 Linear Multiple-Access Channels

We now describe a special class of multiple-access channels for which Theorem [0 yields the
computation capacity for sending linear functions.

Definition 19. A multiple-access channel is linear with respect to F if its channel inputs
take values on a Galois field F and we can represent the channel output Y'[i] as coming from
a symmetric discrete memoryless channel (DMC), py|y, where:

Vi) = BeXoli] (3.26)

for some G, € F \ {0} where 0 is the zero symbol in F. See Figure B3

xr 1
Sk—1 &
o
sl g Vo Y [plp
By
. X, |

SL—’ EL—’

Figure 3.3: Linear Multiple-Access Channel

Note that we require the DMC to be symmetric so that the capacity-achieving input
distribution is uniform.

2B(p) represents the Bernoulli distribution over {0, 1} where p represents the probability of drawing 1.
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Theorem 8. If both the multiple-access channel and the desired function are linear with
respect to IF, the computation capacity is:

Ceoomp = (3.27)

where V' is uniform over F.

Proof. The achievability is given by Theorem [@ by choosing c,(X;) = ;' X,. It follows that

I (Z 7 H(X); Y) =17 <Z Be Xy Y) = I(V;Y). (3.28)

The converse is given by Lemma [Bl O

This performance is not available to a separation-based scheme. If the sources are inde-
pendent, we can invoke Lemma B to show that each encoder must communicate its source to
the decoder. This requires a sum-rate of S+, H(S,) which means that the best separation-
based computation rate is:

Rcomp = M (3.29)
>t H(S)

for V generated uniformly from F. Clearly, H(U) < & | H(S,) so this rate is lower than
the computation capacity.

3.3.1.1 Extended Example: Mod-2 Adder MAC

We now explore an example that demonstrates the benefits of computation coding over
separation-based schemes. Our example centers on the mod-2 adder MAC (M2MAC) (Figure
BA4). There are two sources, S; and S, generated from the following joint pdf:

Pl"(Sl = O,SQ = O) = Pl"(Sl = 1,52 = 1) = —
Pr(S; =0,S =1) = Pr(S; =1,8 =0) = g. (3.30)

A simple calculation will show that S; and S, have uniform marginal distributions. Our
goal is to losslessly transmit U = S} &Sy across the channel at the highest computation rate
x = £ The entropy of U is given by the binary entropy function:

n

hp(p) = —plogp — (1 —p)log (1 —p). (3.31)
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The channel input and output alphabets are given by X1 = X3 = )Y = {0, 1}. The channel
inputs are added mod-2 to yield V = X; @& X, which is passed through a binary symmetric
channel (BSC) with crossover probability ¢ to give Y (see Figure B4).

X7

St 51\
V

oV Bsc, XL p o

Sk &, Xz~

Figure 3.4: Mod-2 Adder Multiple-Access Channel (M2MAC)

Our sources and desired function are identical to those from the Korner-Marton problem
[77] (see Section EI3). By combining the Kérner-Marton source coding scheme with an
appropriate MAC code, we will get the optimal separation-based scheme.

For the M2MAC, the capacity region has only a single constraint:

Ri+Ry<1— hB(q). (332)

Note that this implies that time-sharing is optimal for the M2MAC.

We can now give the best possible computation rate available using separation. The sum
source coding rate required is 2hp(p) and the MAC sum capacity is 1 — hp(g). Reliable
communication requires that k(2hg(p)) < n(l — hp(q)). This gives the optimal separation-

based computation rate of:
1 (1—nhp(q)
Rcomp = 5 <7h3(p) : (3.33)

Remark 2. The Korner-Marton scheme allows for a strictly lower sum source coding rate
and thus, a higher computation rate than Slepian-Wolf coding of S; and S,.

The best separation-based scheme for the M2MAC uses structured source coding to
exploit the source correlations. The channel coding strategy focuses on avoiding the inter-
ference caused by the other user. Yet, the interference is due to the summation taken by
the MAC. Computation coding exploits this summation by using both a structured source
code and a structured channel code. In doing so, it can optimally exploit both the source
correlations and the structure of the MAC. An application of Theorem B to this scenario
yields the following corollary.
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Corollary 1. The computation capacity for sending U = S; & Sy over the M2MAC is

1 —hgp(q)
CCOMP = (334)
hi(p)
1.2
1.1 —— Computation
- - - Separation
i - Slepian-Wolf

-
TN i e T

0.2 0.4 0.6 0.8
Source Correlation, p

Figure 3.5: Comparison of schemes for computing parity over a noisy modulo-2 adder.

Somewhat surprisingly, this strategy allows for a computation rate twice that of the sep-
aration scheme, regardless of the source statistics. The computation rates for computation
coding (Corollary [Ml), the best separation-based scheme ([B33), and a suboptimal separation-
based scheme that uses Slepian-Wolf source coding over an M2MAC with crossover proba-
bility ¢ = 0.1 are shown in Figure B3

Both our computation coding scheme and the best separation-based scheme take advan-
tage of the structure of the function for source coding. The computation coding scheme
goes one step further and takes advantage of structure of channel. The computation rate
is doubled by this structural gain. This shows that the MAC rate region is an insufficient
characterization of the channel for distributed computation.

The symmetric source pdf (see [B30)) used for the M2MAC example can be changed to
any joint pdf and the computation capacity will still be achieved by the scheme put forth
in Corollary [. However, for an asymmetric pdf, the Korner-Marton scheme may not be
the best separation-based strategy. It is only known to be optimal for the symmetric pdf in
[B30), as this is the most general pdf that results in uniform marginal pdfs. Ahlswede and
Han showed that if the marginals are not uniform, there are achievable points outside the
Korner-Marton region [5].
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To be more specific, both the Korner-Marton scheme and computation coding calibrate
their codes using the entropy of the desired function. Korner-Marton fails as a general
solution as it then converts the linear representation into bits, which destroys the code’s
match with the function. The function-channel match in computation coding allows for a
continuous abstraction of the problem in terms of the underlying finite field. This is why we
are able to meet our upper bounds in matched cases.

The most interesting aspect of our strategy is that it depends entirely on codes that
were originally intended to reduce system complexity. Elias’ random linear coding proof was
meant to show that the search for implementable codes is not futile; all of the benefits of
Shannon’s random codebooks can be transferred into random generator matrices [39]. The
Korner-Marton result and our computation code show that structured codes can enable rate
gains. In particular, structured codes allow redundancy to be added in a distributed, yet
structured, fashion.

3.3.2 Extensions

We now describe a few simple extensions to Theorem [1.

In some cases, we may be interested in a non-linear function f of the sources. One
approach is to find a one-to-one (injective) map from f into some linear function g and then
attempt to communicate g directly using Theorem [1.

We may also want to communicate more than one (linear) function to the receivers. These
linear functions may not be independent and we can take advantage of this to increase the
computation rate.

Theorem 9. Assume that S, =T, |X| < |F|, and the desired functions Uy, ..., Uy are linear
with respect to F. Choose any one-to-one (injective) functions from the finite field onto the
wnput alphabets, ¢, : F — X,. The following computation rate is achievable:

I (69?:1 ¢ (X); Y)

R = 3.35
comp H(Uy,...,U)) (3:35)

for X, drawn independently and uniformly over the range of c;.
Proof. Let s, = S§, u; = Uf, and choose ¢ > 0. Using Theorem M, choose matrices
B,,...,B; of size k x m; over F for Slepian-Wolf compression of Uy,...,U;. If m; =
k <H(Uj‘[fgg;"]§i’Ul)+ﬁ), then with probability than 1 — ¢, uy,...,u; can be recovered from

wy = uB where B = [Bl BJ}. Note that B is of size k& x m with m = ijj =

L (H(U1,...,UJ)+J6

Tog, [F] ) Each encoder applies B to its source to get its message wy, = ays;B. The

result follows by repeating the remaining steps from the proof of Theorem [1. O
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This immediately yields the computation capacity for sending multiple linear functions
over a linear MAC.

Theorem 10. If both the multiple-access channel and the desired functions are linear with
respect to IF, the computation capacity is:

I(V;Y)
H(U,...,Uy)

CCOMP = (336)

where V' is uniform over F.

Consider the case where there is more than one receiver that wants to reconstruct the
same function U. The channel between the L transmitters and M receivers is
DYy X1Xs (Y15 - - Y|, ..., 2r). Theorem [ can easily be adapted by considering the
worst channel over all receivers. This yields the following computation rate:

. (@l Y

(3.37)

for some choice of injective functions ¢, : F — A, and with X, independently generated
according to the uniform distribution over the range of ¢,. However, in many cases, this
strategy has a far lower rate than possible with a single receiver. For instance, assume that
each receiver sees the output of a linear MAC over F:

Yoli] = > BueXeli] + Zinli] (3.38)

(=1

where (,,, € F and the Z,,[i] are all i.i.d. according to the same distribution pz(z) on F. If
Bme = B for all m # m* then Theorem B can be applied directly to get a computation
rate of

log, |F| — H(Z)
HU)

RCOMP = (339)

This works because the code first cancels out the (3,,, and then applies a,. However, if the
channel coefficients differ from receiver to receiver then this cancellation is no longer possible
in general. In a certain sense, this can be interpreted to mean that the channel is not well-
matched to the desired computation. Therefore, by changing our objective to match the
natural computation provided by the channel, much higher rates will be possible. In the
following theorem, we take exactly this approach so that the receivers choose their desired
function based on the channel coefficients.
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Theorem 11. There are M transmitters whose sources S§ are i.i.d. according to the uni-
form distribution over F. FEach receiver observes a noisy linear combination of the transmitted
signals X} according to [Z38). If each receivers want a linear function of the sources with
coefficients chosen according to the channel coefficients, Uy [i] = S-5_, BmeSeli], the compu-
tation capacity is:

log, |F| — H(Z)
log, ‘F|

CCOMP = (340)

Proof. We essentially follow the proof of [1 except that we set w, = s, and take all functions
¢¢ to be the identity function. The converse is given by Lemma [@. O

Note that there is no need to premultiply the sources by «; as the channel directly
computes the desired functions.

Linear computation coding performs quite well when the channel is (approximately) a
linear function of its inputs. As seen in Example [, this strategy does not always work well
for non-linear channels. In the next section, we develop another coding scheme that is useful
in some scenarios where linear computation coding fails.

3.4 Systematic Computation Codes

In the point-to-point setting, systematic transmission refers to first sending a block of the
source uncoded across the channel and then using a code to refine the noisy version of the
source [139; [140]. The decoder uses the uncoded block as side information to infer the source
from the received codeword. Systematic transmission is a good framework for the digital
upgrade of analog systems. We propose a systematic computation coding scheme that first
uses uncoded transmission to send a noisy function to the decoder and then refines this
function with a separation-based scheme.

We briefly consider the code used in Section B3 Tl for sending the parity of binary sources
over the M2MAC. Assume the sources are independent and the channel code is written in
systematic form. This computation coding scheme is also systematic in that the encoders
first send a noisy version of the desired sum and then refine it with parity-check bits. In this
setting, we allow the channel to merge both the information bits and the parity-check bits
to give a codeword that describes the sum of the sources. However, for an arbitrary MAC,
we may not able to use the channel to combine our codewords. Therefore, we only use a
joint source-channel code to send a noisy version of the function. We will then switch over
to a separation-based scheme that uses a linear source code and a capacity-achieving MAC
code at each encoder to refine the noisy function.

Theorem 12. Let f be an arbitrary function and let U = f,(Si,...,S). Choose a Galois
field F, a linear function g over F and functions ¢y : Sy — F forl=1,..., L andd:F —U
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such that:

PT(d(g(Cl(Sl), ceey CL(SL))) = fg(Sl, ey SL)) =1.

Let V. = g(c1(Sh),...,cL(SL)). If the mazimum sum rate of the MAC is symmetridl, then
the computation rate

P Cue
COME = C e + LH(V|T)

(3.41)

is achievable for any joint pmf of the form:

L
prix,-x,, (T, 2r) (H ng|Sl(xé|SZ)> (psy-s,(51,--+,5L)) (3.42)
=1

where

Prix-x, (U2, ., 2L) = pyixex, (Hz, ..., 2)

Proof. (Uncoded Transmission.) At time step ¢ for 1 < i < k, encoder ¢ maps S[i] into a
channel input, X,[i], according to px;|s,(z;|s;). The decoder collects the channel outputs to
use as side information in the next phase, T% = Y'*.

(Reﬁnement.) Fil"St, let CE[Z] = Cg(Sg[i]), Cy = [Cg[l] cee Cg[l{?“,
Vi = g(Cili],...,CL[i]), and v = [V[1] --- V[k]]. Choose ¢ > 0. Using Theorem Hl,
choose a matrix B of size £ x m over F for compressing V' given side information 7. If

m=k (%) , then with probability than 1— £, v can be recovered from w = vB. Each

encoder applies B to ¢, to get its message w; = ¢,B. It then transmits w, to the decoder
using a multiple-access channel code:

540 (F"— &)

targeted at the symmetric maximum sum rate, Cyiac. From Theorem B the decoder can
recover wi, ..., wr with probability of error less than § for n large enough if log, [F|jmL <
(n — k)(Cyac — €). The decoder then computes:

3We assume that maximum sum rate of the MAC is symmetric according to Definition [[@ to simplify
the statement of the theorem. This can be removed for a more general (but more cumbersome) theorem
statement.
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w=g(wy,...,Wp) (3.43)
=g(c1B, -+, c.B) (3.44)
=vB (3.45)

from which it can recover v and apply the function d to get the desired function with total
probability of error no greater than e. Solving for the computation rate Rcomp = % we get

H(V|T)+ ¢
— 1 F|L —k — 4
(o) oy [FLE < = K)(Cansc — (3.46)
k (CMAC + LH(V|T) + LE) < n(C’MAc — 6) (347)
k CMAC — €
— = . 3.48
n CMA0+LH(V|T)—|—L€ ( )
By choosing € sufficiently small, we can approach the desired rate. O

Remark 3. In some cases, we will have H(Sy) < H(V|T') at one or more encoders. In this
case, these encodes can just send their source in its entirety to the decoder to lower the
overall computation rate.

Remark 4. Theorem [[2 can be further generalized by allowing for a different ratio of source
symbols to channel symbols in the uncoded phase. As it is currently stated, Theorem [[2 uses
one channel symbol per source symbol in the uncoded phase. This causes the computation
rate to be upper bounded by 1.

Remark 5. If the mapping d in Theorem is invertible and entropy-preserving, then
H(V|T)=H(U|T).

We show that systematic computation coding can outperform separation-based coding
with the following example.

Example 4. Our setting is basically the same as the M2MAC (see Section BZTTl). For
simplicity, we make S; and S5 independent B(%) processes. The only difference is the channel
performs a real addition, W = S; + S5, and then noise is added mod-3 to get the output:
Y = W @3 Z. The additive noise Z is distributed according to P(Z = 0) = .8 and P(Z =
1) = P(Z = 2) = .1. Our desired function is the parity of the sources, U = S} & Sy. We
would like to apply Theorem [[Z for computing U. In the first phase, we just transmit the
sources uncoded (px;s;(7;]s;) = 0(x; — s;)) to get side information T at the decoder. The
conditional entropy of our desired function, U = S1®95,, is H(U|T') = 0.60 and the maximum
sum rate of the MAC is Cyac = 0.66. With this method, we can achieve Rcomp = 0.35.
From Lemma B, we get that the best separation-based scheme gives a computation rate
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of Rcomp = 0.33. In fact, we can outperform our systematic scheme by using the quasi-
linearity of the channel to merge codewords. We simply employ the computation code for
the M2MAC from Corollary [ directly and map the output symbol 2 to 0 at the decoder.
This gives us an improved computation rate of Rcoymp = 0.40. None of these schemes meet
the upper bound given by Lemma [ Rcomp < 0.66.

In the next example, we compute the parity of independent binary sources over a binary
multiplying channel.

Example 5. S; and Sy are B(a) sources. We are interested in sending the mod-2 sum
U = S1® 8, over the binary multiplying channel (BMC) Y = X;- X, where X; = X, = {0, 1}.
In the first phase, we send the sources uncoded across the channel and in the second phase,
we use a MAC code to send our update bins. The computation rates for both separation-
based coding (Lemma B]) and our scheme (Theorem [[2) are plotted in Figure B8 The
upper bound is significantly higher than both achievable rates and is not shown on the plot.
Our scheme outperforms separation-based coding for a between approximately 0.65 and
0.85 (and between 0.15 and 0.35 by symmetry). The underlying reason is that these input
distributions get close to the maximum mutual information for the MAC, resulting in good
side information for the second phase. It is quite surprising that our scheme even moderately
outperforms separation as there is almost no structural match between the channel and the
desired function.

1 1
' —— Computation ," “‘ —— Computation
09\, - - - Separation '/ 0.9 - - -Separation
& 08f “ o8
& &
c c
-;% 0.7 .:% 0.7
2 2
£ £
S 06y S o06f
0.5f 0.5
0'6.1 0.‘2 013 014 015 016 017 018 0.9 0'8.1 0.‘2 0‘.3 014 015 016 017 018 0.9
o, where S, ~ B(a), S, ~ B(a) a, where S, ~B(a), S, ~ B()
Figure 3.6: Computing parity over a Figure 3.7: Computing a binary product over
binary multiplying channel a mod-2 adder

The following example is the dual of the last one: we compute the product of binary
independent sources over a mod-2 adder.
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Example 6. S; and Sy are independent B(«) sources. We want to send U = Sy - Sy over
a mod-2 adder. The channel output is given by Y = X; & X,, A} = &> = {0,1}. We can
losslessly recover U from V' = 5] @3 .5,. Our scheme is to send S; and Sy uncoded over the
channel for phase one and then use this as side information to send V. The computation
rates for both separation-based coding (Lemmaf3) and our scheme (Theorem [[2) are plotted
in Figure B Again, the upper bound is significantly higher than both achievable rates and
is not shown on the plot. Although the gains are marginal, that any gains are possible is
surprising.

The next example demonstrates that there exists cases where computation coding is
useful for sending a non-linear function over a noisy non-linear channel.

Example 7. S; and S, are independent sources drawn uniformly from {0, 1,2}. We would
like to know whether or not S; and Sy are equal: U = 1(S; # S). We can losslessly recover
U from the linear function V' = S; @3 25, over GF(3). The channel is just W = 1(S; # S)
followed by a BSC with transition probability 0.1 to give Y. We employ Theorem [[2 Our
uncoded phase uses the sources directly; there is no remapping. In the update phase, we
send V. With this strategy, we get a computation rate of Kcoyp = 0.194. Lemma Bl gives
that the best separation-based computation rate is kggp = 0.168. Finally, using Lemma [d we
get an upper bound of K;onr = 0.578.

Systematic computation coding can also be extended to include multiple receivers and
multiple functions along similar lines as in Section B:32.

The two computation coding strategies developed in this chapter allow for higher rates
when we want to communicate a function of the sources, instead of the sources in their
entirety. In Chapters Bl and [, we will use these strategies as building blocks for commu-
nicating messages over a network. In brief, intermediate nodes will collect functions of the
messages and destinations, given sufficiently many functions, will be able to infer the original
messages.

Appendix 3.A Upper Bounds

In this appendix, we develop upper bounds on the computation capacity. First, we give an
upper bound on the distributed compression rate region. This can be combined with the
multiple-access rate region to yield an upper bound on separation-based computation. Next,
we give two upper bounds on the computation capacity.

3.A.1 Separation-Based Computation

For our upper bound, we will need a result of Orlitsky and Roche for computing with side
information [T17].
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Let S; and Sy be sources according to Definition [d and let f : S; x S; — U be the desired
function.

Definition 20. The elements of S; are the vertices of the characteristic graph, G, of S, Ss,
and f. Two distinct vertices, a and b, are connected if there is a ¢ € &y such that
Ps,s,(a,¢), ps,s,(b,c) > 0 and f(a,c) # f(b,c). We say the graph is complete if each
vertex is connected to every other vertex.

We say a set of vertices is independent if no two are connected. Let I'(G) be the collection
of independent sets of the graph G.

Definition 21. The conditional graph entropy is given by:

Hg(5192) Wfl}gh} I(W;51]52), (3.49)
S1EWEr ()

where W — S; — 95 signifies a Markov chain.

Lemma 4 (Orlitsky-Roche). Two sources, S1 and S, are generated from the joint pmfps,s,-
An encoder observes S1 and must send enough bits to a decoder that sees Ss, such that the
decoder can reconstruct U = f(S1,.52) with a vanishing probability of error:

£:8F {0, 1} (3.50)
D {0, 1}"E x Sk — y* (3.51)
U* = D(E(SY), S5)
lim P(U* £ U*) =0. (3.52)
This is possible if and only if:
R > H0(51|52) (353)

We will use this side information result to generate individual rate constraints on
separation-based schemes for distributed compression. There are M sources and a desired

function f(-). Let S§ = (S1,Sa,...,Se—1,Ses1,- -+, Sm)-

Lemma 5. The rate required for each encoder of a separation-based scheme for distributed
compression of U = f(S1, 5, ...,SL) is lower bounded by

Ry > Hq(Sy|S9) vee{1,2,...,L}. (3.54)
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Proof. At encoder /¢, assume that all other sources are available at the decoder. Clearly, this
can only decrease the rate required of encoder ¢. An application of Lemma H] gives that a
rate of Hg(S¢|SY) is required from each encoder to reconstruct f(S;, S, ...,S) losslessly
at the decoder. O

Proof of Lemma[3E We need the conditional graph entropy at each encoder used in the
proof for Lemma [ above. The characteristic graph for each encoder is complete. There-
fore, the independent sets are the singletons and W = S,. It follows that Hg(S¢|SY) =
1(W; SISE)) = H(S4ISE) = H(Sy).

3.A.2 Computation Capacity

We now give two upper bounds on the computation capacity. Our first bound comes from
joining the encoders and reducing our problem to a point-to-point problem.

Definition 22. The mazimum joint sum rate is the highest sum rate one can achieve on a
MAC if the encoders are allowed to cooperate completely. It is given by:

CJOINT = max I(Xl,XQ,...,XL;Y). (355)

p(T1,22,..,T L)
Lemma 6. The computation capacity is upper bounded as follows:

C1JOINT
)

Ccomp > (3.56)

The proof follows immediately from joining the encoders and applying the point-to-point
separation theorem. See [29, p. 216] for a full proof of the point-to-point separation theorem.

Our second bound is for the case when the sources are independent. We assume that the
multiple-access channel has a symmetric maximum sum rate, Cyac, according to Definition
This assumption can be removed for a more general statement of the lemma below.

Lemma 7. If the sources are independent and the mazximum sum rate of the MAC is sym-
metric then the reliable computation rate is upper bounded by

Kivp < % (3.57)

Proof. Let P, = Pr(U* # U*). By Fano’s inequality, we can show that H(U¥|Y") <
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1+ kP.log [U|. Now, set Ay = + + P.log |U|.

H(U) =

=
3
=

(H(U") = HUMY™) + H(U*|Y™))

e e e i e e N

(I(U*Y™) + H(U*Y™))

IA

LU Y™ + Ay,

IN

where the last step is due to the data processing inequality. From here we are free to apply
the standard MAC converse (see [29, pp.399-402)):

I(Xl,XQ,...,XL;Y)

= H(U)

k
n

for some pmf of the form H]A/i1 px,(z;). The result follows immediately. O

It is also possible to give an upper bound that factors in the exact nature of the source
correlations as in [T53]. However, the focus of this thesis is on the gains that can be achieved
by exploiting the structure rather than the correlations. All of our examples have indepen-
dent sources so such a bound is unnecessary for the scope of this chapter.
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Chapter 4

Compute-and-Forward: AWGN
Networks

In this chapter, we develop a compute-and-forward scheme for wireless channel models.
Specifically, we will show how to harness noisy linear combinations over the complex field for
reliable computation over a finite field. The classical approach to wireless communication is
to transform the physical layer into a set of reliable bit pipes, i.e. each link can accommodate
a certain number of bits per time unit. These bit pipes can then be used seamlessly by higher
layers in the protocol stack. Unfortunately, this approach means that wireless terminals must
compete for the same fixed chunk of spectrum with diminishing rates as the network size
increases. Recent work on cooperative communication has shown that this penalty can be
overcome by adopting new strategies at the physical layer. The key idea is that users should
help relay each other’s messages by exploiting the broadcast and multiple-access properties of
the wireless medium; properties that are usually viewed as a hindrance and are not captured
by a bit pipe interface. To date, most proposed cooperative schemes have relied on one of
the following three core relaying strategies:

e Decode-and-Forward: The relay decodes at least some part of the transmitted messages.
The recovered bits are then re-encoded for collaborative transmission to the next relay.
Although this strategy offers significant advantages, the relay is ultimately interference-
limited as the number of transmitted messages increases [32; 83} [79; BY].

o Compress-and-Forward: The signal observed at the relay is vector quantized and this
information is passed towards the destination. If the destination receives information
from multiple relays, it can treat the network as a multiple-input multiple-output
(MIMO) channel. Unfortunately, since no decoding is performed at intermediate nodes,
noise builds up as messages traverse the network [32 [79; [72; 6 [T31].

o Amplify-and-Forward: The relay simply acts as a repeater and transmits a scaled
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version of its observation. Like compress-and-forward, this strategy converts the
network into a large MIMO channel with the added possibility of a beamforming
gain. However, noise also builds up with each retransmission. [I36; 83 B [16;
39

Our compute-and-forward strategy simultaneously affords protection against noise and
the opportunity to exploit interference for cooperative gains. Whereas compress-and-forward
and amplify-and-forward convert a network into a set of noisy linear equations, compute-
and-forward can convert it into a set of reliable linear equations. These equations can in turn
be used for a digital implementation of cooperative schemes that could fit into a (slightly
revised) network protocol stack.

We will develop a general framework for compute-and-forward that can be used in any
relay network with linear channels and additive white Gaussian noise (AWGN) B Transmitters
send out messages taking values in a prime-sized finite field and relays recover linear equations
of the messages over the same field. To exploit the noisy linear equations provided by the
channel, we use nested lattice codes as they have a linear structure and are well-suited for
AWGN channels. As in the discrete case, the performance of this scheme is outside the
reach of the usual random coding arguments. In Chapter B, we will compare compute-and-
forward to classical relaying strategies in two network scenarios, one based on distributed
MIMO and the other wireless network coding. Classical relaying strategies perform well in
either low or high signal-to-noise ratio (SNR) regimes. As we will see, compute-and-forward
offers advantages in moderate SNR regimes where both interference and noise are significant
factors.

Summary of Results

Our basic strategy is to take messages from a finite field, map them onto lattice points,
and transmit (dithered versions of) these across the channel. Each relay observes a linear
combination of these lattice points and attempts to decode an integer combination of them.
This equation of lattice points is finally mapped back to a linear equation over a finite field.
Our main theorems are summarized below:

e Theorems [[3 and [[4] give our achievable rates for sending equations over a finite field
from transmitters to relays. The strategy relies on a nested lattice code which is
developed in Theorem [T

e Theorems [0, [, and X give sufficient conditions on the equation coefficients so that
a destination can recover one or more of the original messages.

e In Theorems and we generalize our compute-and-forward scheme to include
successive cancellation and superposition coding.

'The material in this chapter is drawn from [T08].
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Related Work

There is a large body of work on lattice codes and their applications in communications.
We cannot do justice to all this work here and point the interested reader to an excellent
survey by Zamir [T60]. The basic insight is that, for many AWGN networks of interest,
nested lattice codes can approach the performance of standard random coding arguments.
One key result by Erez and Zamir showed that nested lattice codes (combined with lattice
decoding) can achieve the capacity of the point-to-point AWGN channel [#2]. More generally,
Zamir, Shamai, and Erez demonstrated how to use nested lattice codes for many classical
AWGN multi-terminal problems in [T62]. Subsequent work by El Gamal, Caire, and Damen
showed that nested lattice codes achieve the diversity-multiplexing tradeoff of MIMO chan-
nels [50]. Recall that, in general, structured codes are not sufficient to prove capacity results.
For instance, group codes cannot approach the capacity of asymmetric discrete memoryless
channels [2].

It has now become clear that for certain network communication scenarios, structured
codes can actually outperform standard random coding arguments. B For AWGN networks,
nested lattice codes have been shown to outperform i.i.d. random codes in several scenarios
apart from those considered in this thesis. For instance, Philosof et al. demonstrated that
lattice codes enable distributed dirty paper coding for Gaussian multiple-access channels in
[T21]. Subsequent work by Sanderovich, Peleg, and Shamai used lattices to derive better
scaling laws for decentralized processing in cellular networks [T29].

There has also been a great deal of interest in using lattice codes for wireless network
coding (see Chapter B for our contribution). Narayanan, Wilson, and Sprintson developed
a nested lattice strategy for the two-way relay channel [T0I]. Nam, Chung, and Lee studied
the two-way relay channel and Gaussian multiple-access networks with asymmetric power
constraints in [99; [T00)].

Work on interference alignment by Maddah-Ali, Motahari, and Khandani [97T] as well as
Cadambe and Jafar [21] has shown that large gains are possible for interference channels at
high SNR. The key is to have users transmit along subspaces chosen such that all interference
stacks up in the same dimensions at the receivers. Lattice codes can be used to realize these
gains at finite SNR. Bresler, Parekh, and Tse used lattice codes to approximate the capacity
of the many-to-one and one-to-many interference channels to within a constant number of
bits [T9]. This scheme was employed for bursty interference channels in [7T]. For symmetric
interference channels, Sridharan et al. developed a layered lattice strategy in [T49)].

Krithivasan and Pradhan have employed nested lattice codes for distributed compression
of linear functions of jointly Gaussian sources [80]. Wagner derived an outer bound for the
Gaussian case in [I55]. Finally, recent work by He and Yener has shown that lattices are
useful for information theoretic secrecy [59]. See also [I].

2In a recent paper, we made a case for structured random codes in the proofs of network capacity theorems
[T06] .
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4.1 Problem Statement

Our relaying strategy is applicable to any configuration of sources, relays, and destinations
that are linked through linear AWGN channels. We will refer to such configurations as
AWGN networks. To simplify the description of the scheme, we will first focus on how
to deliver equations to a single set of relays. We will then show how a destination, given
sufficiently many equations, can recover the intended messages. These two components are
sufficient to completely describe an achievable rate region for any AWGN network. We begin
with the necessary definitions for L transmitters to send equations to M relays over a wireless
channel. Then, we will provide a framework for recovering the original messages given a set
of equations.

Remark 6. In fact, one can apply this strategy to non-linear and non-Gaussian channels as
well by using the modulo-lattice transformation developed by Erez and Zamir in [A3].

4.1.1 Decoding Equations

We are primarily interested in narrowband wireless channel models so we will specify our
encoding and decoding schemes for complex baseband and assume that modulation is handled
separately. In Section LT3, we will restate a few definitions for real-valued channel models
so that we can give corollaries that specialize our results to real values.

Let C denote the complex field and IF,, denote the finite field of size p where p is always
assumed to be prime. Let + denote addition over the complex field and @ addition over
the finite field. Furthermore, let Y~ denote summation over the complex field and @ denote
summation over the finite field. We also set j = v/—1 and assume that the log operation is
with respect to base 2. It will be useful to map between the finite field and a corresponding
subset of the integers. We let g : F, — {0,1,2,...,p — 1} be this one-to-one map. This
is essentially an identity map except for the change of alphabet. If g or its inverse ¢! are
applied to a vector we assume they operate element-wise.

We will use boldface lowercase letters to denote column vectors and boldface uppercase

letters to denote matrices. For example, h € C* and H € CM*L. Let ||h| £ ZiLzl |h[d]|?

denote the £>-norm of h. Also, let h* and h’ denote the Hermitian (or conjugate) transpose
and the regular transpose of h, respectively. Finally, let 0 denote the zero vector, d, denote
the unit vector with 1 in the ¢*" entry and 0 elsewhere, and IM*M denote the identity matrix
of size M.

Our main goal is to reliably transmit messages across the network at the highest possible
rates. However, intermediate nodes in the network may only need to decode a function of the
messages. These functions can be decoded at high rates if we choose their algebraic structure
to match the structure of the channel. Thus, we will split our messages over the finite field
into two parts: one for the real part of the channel and the other for the imaginary part.
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Figure 4.1: L transmitters reliably communicate linear functions to M relays.

Definition 23 (Messages). Each transmitter (indexed by ¢ = 1,2,..., L) has two length-k,
vectors over a prime-size finite field, wl', w! € IF’;Z . The superscript denotes whether the
vector is intended for the real part or the imaginary part of the channel. Together these
vectors are the message of transmitter ¢, w, = (wl', w]). Without loss of generality, we
assume that the transmitters are numbered by increasing message length. Since we are
interested in functions of these messages vectors, we zero-pad them to a common length
k £ maxy k, prior to encoding.

Remark 7. We are interested in average probability of error results so we assume that all
messages are drawn independently and uniformly from the set of all possible values.

Definition 24 (Encoders). Each transmitter is equipped with an encoder, &, that maps
length-k messages over the finite field to length-n codewords over the complex field:

& :FExFE—Cn (4.1)
for{=1,2,...,L.
Definition 25 (Message Rate). The message rate ry of each transmitter is:

2
Ty = 2k logp (4.2)
n

Definition 26 (Power Constraint). Each transmitter’s length-n channel input, x, = &(wy),
is subject to the usual power constraint:

1
EHXgHz < SNR (4.3)
for SNR>0and ¢ =1,2,..., L.
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Remark 8. Note that asymmetric power constraints can be easily modeled by scaling the
channel coefficients appropriately.

Definition 27 (Channel Model). Each relay observes a noisy linear combination of the
transmitted signals through the channel:

L
Ym = Z hmﬂxf + Zm (44)

=1
for m = 1,2,..., M where h,,, € C are the channel coefficients and z is i.i.d. circularly

symmetric Gaussian noise, z ~ CN(0,1""). Let h,, = [hy1 -+ hyr]T denote the vector of
channel coefficients to relay m and let H = {h,,,} denote the entire channel matrix. Note
that by this convention the m™ row of H is hZ .

Remark 9. For our initial analysis, we will assume that the channel coefficients are fixed
for all time. However, these results can easily be extended to the slow fading case under an
outage formulation which we develop in Section B2

Remark 10. Our coding scheme only requires that each relay knows the channel coefficients
from each transmitter to itself. Specifically, relay m only needs to know h,,,. Each transmitter
only needs to know its target message rate, not the realization of the channel.

Definition 28 (Decoders). Each relay is equipped with a decoder that maps the observed
channel output from the complex field back to two equations of messages over the finite field:

Dy, : C" — F x Bk (4.5)
form=1,2,..., M.

Our choice of equation structure is inspired by the real-valued decomposition of a
complex-valued channel. Recall that for any H € CM*% x € Cl, and z € CM, the channel
output y = Hx + z can be written as:

][ e [ e ]+ [t ]

where Re(-) and Im(+) represent the real and imaginary parts.
Note that the structure of the equations at an intermediate relay is not important, so
long as they are useful for conveying messages to the destination at the highest possible rate.

Definition 29 (Desired Equations). The goal of each relay is to reliably recover a linear
combination of the transmitted messages. Relay m selects coefficients ¢, ¢!, € F, for
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¢=1,2,...,L and attempts to decode two equations:

L

uyt = @ GeWi ® (=)W} (4.6)
/=1
L

u), = P alwi @ gltwi (4.7)
/=1

where (—¢,¢) denotes the additive inverse of g,.

Although our desired equations are evaluated over the finite field F,,, the channel operates
over the complex field C. Our coding scheme will allow us to efficiently exploit the channel for
reliable computation if the desired equation coefficients are close to the channel coefficients
in an appropriate sense. The definition below provides an embedding from the finite field to
the complex field that will be useful in quantifying this closeness.

Definition 30 (Coefficient Vector). The equation with coefficient vector
An = [Am1 Ama -+ A L]T € {Z + jZ}* is the linear combination of the transmitted messages
with coefficients given by

ahe = 97" ([Re(ame)] mod p)
e = 9 (IM(ane)] mod p).

Definition 31 (Probability of Error). We say that the equations with coefficient vectors
aj, ay,...,ay € {Z+ jZ}' are decoded with average probability of error € if:

(8, @7,) 2 Din(ym) (4.10)

M
P(Utao0) # ) < )

m=1
Definition 32 (Computation Rate). We say that the computation rate R(h,a) is achievable
if for any € > 0 and n large enough, there exist encoders and decoders, &, ...,&, D1, ..., Dy,
such that for any set of channels, hy,...,hy, € CF, and coefficient vectors, a;,...,ay €
{Z + jZ}*F, all relays can recover their desired equations with average probability of error e

so long as the underlying message rates 71, ..., ry satisfy:
re < min R(hy,, a;) (4.12)
My 70

Remark 11. Note that the above definition means that each relay is free to choose which
equation to recover. The only constraint is that the message rates be lower than the compu-
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tation rate for that choice of coefficients. In many cases, it will be useful to have each relay
recover the equation that is available at the highest computation rate.

Remark 12. The minimization in [@IJ) is taken over non-zero equation coefficients since
only the information in these messages is required for the desired equation.

4.1.2 Recovering Messages

After the relays decode their equations, they forward them towards the appropriate desti-
nations which may only be interested in recovering the original messages. If the equation
coefficients satisfy appropriate conditions, then the destinations can solve for the original
messages. Although our scheme can be employed in any AWGN network, we will omit
formal definitions for such networks and assume that equations of messages arrive at a des-
tination. This may occur through a single layer of channels as described above or through
multiple layers.

Definition 33 (Recovery). We say that message w, € F’;Z can be recovered at rate ry from
the equations with coefficient vectors ay,...,ay € {Z + jZ}* if for any € > 0 and n large
enough, there exists a decoder D : {F} x F}M — FF x F¥ such that:

Wy :D((u{%, u{),...,(uf/[,u&)) (4.13)

P (Wg 7A Wg) <€ (414)

where (uf, ul ) represents the equations from relay m as in Definition 29

4.1.3 Real-Valued Channels

We will now restate some of the above definitions for real-valued channel models. Each
transmitter ¢ has a length-k, message that takes values over a prime-size finite field, w, € F’;‘f.
As before, we zero-pad all messages to a common length & = max, k, prior to encoding. The
message rate is given by r, = % logp. The channel model is as in (4] except all inputs and
outputs are over the reals instead of the complex field and the noise is i.i.d. Gaussian with
mean zero and variance one.

For real-valued channels, the desired linear combination of messages at relay m is:

L
u,, = @ Gt Wy (4.15)
=1

for coefficients ¢,,c € IF,. These finite field coefficients can be embedded in the reals as well.
The equation with coefficient vector a,, € Z" is the linear combination of the transmitted
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messages with coefficients given by g = [¢7 (ame¢)] mod p. The rest of the definitions map
in a straightforward fashion to the reals.

4.2 Nested Lattice Codes

In order to allow relays to decode integer combinations of codewords, we need codebooks
with a linear structure. We will use lattice codes that have both good statistical and good
algebraic properties. Erez and Zamir showed that nested lattice codes can approach the
capacity of point-to-point AWGN channels in [42]. These codes operate under a modulo
arithmetic that is well-suited for mapping operations over a finite field to the complex field.

First, we will provide some necessary definitions from [42] on nested lattice codes. Note
that all of these definitions are given over R™. Our scheme will use the same lattice code over
the real and imaginary parts of the channel input (albeit with different messages). Next, we
will describe how to construct nested lattice codes which have certain desirable properties
at sufficiently high dimension.

4.2.1 Lattice Definitions

Definition 34 (Lattice). An n-dimensional lattice, A, is a set of points in R" such that if
x,y € A, then x+y € A, and if x € A, then —x € A. A lattice can always be written in
terms of a lattice generator matrix L € R™*":

A={x=Lw:weZ"}. (4.16)
Note that the origin is always a point in the lattice.

Definition 35 (Nested Lattices). A lattice A is said to be nested in a lattice Ay if A C A;.
We will sometimes refer to A as the coarse lattice and A; as the fine lattice. More generally,
a sequence of lattices A, Aq,...,Ap isnested if A C Ay C--- CAp.

Definition 36 (Quantizer). A lattice quantizer is a map, Q5 : R" — A, that sends a point,
X, to the nearest lattice point in Euclidean distance:

Qa(x) = argin [[x — Al (4.17)

Definition 37 (Voronoi Region). The fundamental Voronoi region, V, of a lattice, is the set
of all points in R™ that are closest to the zero vector: V = {x : Qx(x) = 0}. Let Vol(V)
denote the volume of V.
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Definition 38 (Modulus). Let [x] mod A denote the quantization error of x € R" with

respect to the lattice A:

[x] mod A =x — Qx(x)

For all x,y € R™ and A C Ay, the mod A operation satisfies:

x+y

[@n, (%)
[ax

| mod A =
] mod A =
| mod A =
]

B[x] mod A =

[
[
[
[

[x] mod A +y] mod A
Qa, ([x] mod A)] mod A
a[x] mod A] mod A

fx] mod BA

(4.18)
(4.19)
(4.20)
Va € Z (4.21)
VB eR (4.22)

Definition 39 (Nested Lattice Codes). A nested lattice code L is the set of all points of a
fine lattice A; that are within the fundamental Voronoi region V of a coarse lattice A:

L=ANYV={x:x=Xmod A\ € A} (4.23)
The rate of a nested lattice code is:
1 1 Vol(V)

R - og |L| og Vol (4.24)

° [ ] [ ] ° [ ] O [ ] ° [ ] [ ] °

* [ ) @ [ ] * [ ] [ ) * [ ] @ [ ) *

* [ ) [ ] * [ ] O [ ) * [ ] [ ) *

[ ] o~ [ ] [ ] [ ] [ ] o~ [ ]
. - . . - .

Figure 4.2: Part of a nested lattice A C A; C R2%. Black points are elements of the fine lattice

A1 and gray circles are elements of the coarse lattice A.

The Voronoi regions for the fine and

coarse lattice are drawn in black and gray respectively. A nested lattice code is the set of all fine
lattice points within the Voronoi region of the coarse lattice centered on zero.

Our scheme relies on mapping messages from a finite field to codewords from a nested
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lattice code. The relay will first decode an integer combination of lattice codewords and then
convert this into an equation of the messages.

Definition 40 (Lattice Equation). A lattice equation v € L is an integer combination of
lattice codewords t, € £ modulo the coarse lattice:

v = [i agtg] mod A (4.25)

=1
for some coefficients a, € Z.

Let B(r) denote an n-dimensional ball of radius 7:
B(r) & {x:|x|| <r, x€eR"} (4.26)
and let Vol(B(r)) denote its volume.

Definition 41 (Covering Radius). The covering radius of a lattice A is the smallest real
number 7, such that R* C A + B(r

\% COV)'

Definition 42 (Effective Radius). The effective radius of a lattice with Voronoi region V is
the real number r that satisfies Vol(B(7pppe)) = Vol(V).

EFFEC

Definition 43 (Moments). The second moment of a lattice A is defined as the second
moment per dimension of a uniform distribution over the fundamental Voronoi region V:

2 _ L / 2
7= ory [, IIPax (4.27)

The normalized second moment of a lattice is given by:

o}

o= TR

(4.28)

The following three definitions are the basis for proving AWGN channel coding theorems
using nested lattice codes.

Definition 44 (Covering Goodness). A sequence of lattices A™ C R” is covering good if:

()
lim —So¥ — 1, (4.29)
n—oo ,r.(")

EFFEC

Such lattices were shown to exist by Rogers [T27].
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Definition 45 (Quantization Goodness). A sequence of lattices A™ C R™ is good for mean-
squared error (MSE) quantization if:

lim G(A™) L (4.30)

n—00 B 2re
Zamir, Feder, and Poltyrev showed that sequences of such lattices exist in [T61].

Definition 46 (AWGN Goodness). Let z be a length-n random vector with distribution
N(0,021"*™). The volume-to-noise ratio of a lattice is given by:

(Vol(V))*™"

2
0z

1A, P) = (4.31)

where 02 is chosen such that Pr{z ¢ V} = P,. A sequence of lattices A is AWGN good if

lim p(A™, P,) = 2re VP, € (0,1) (4.32)
and for fixed volume-to-noise ratio greater than 2mwe, the probability of error decays expo-
nentially in n. In [T22], Poltyrev demonstrated the existence of such lattices.

4.2.2 Lattice Constructions

Our nested lattice codes are a slight variant of those used by Erez and Zamir to approach
the capacity of a point-to-point AWGN channel [2]. As in their considerations, we will have
a coarse lattice that is covering, quantization, and AWGN good and a fine lattice that is
AWGN good. We generalize this construction to include multiple nested fine lattices all of
which are AWGN good. This will allow each transmitter to operate at a different rate.

Lemma 8 (Erez-Litsyn-Zamir). There exists a sequence of lattices A™ that is simultaneously
covering, quantization, and AWGN good.

This is a corollary of their main result which develops lattices that are good in all the
above senses as well as for packing [41, Theorem 5]. Note that these lattices are built using
Construction A which is described below.

We will use a coarse lattice A of dimension n from Lemma B scaled such that its second
moment is equal to %. Let L € R™"™ denote the generator matrix of this lattice. Our fine
lattices are defined using the following procedure (the first three steps of which are often
referred to as Construction A [88; AT]):

1. Draw a matrix G, € IF;}X’“L with every element chosen i.i.d. according to the uniform
distribution over {0,1,2,...,p — 1}. Recall that p is prime.
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2. Define the codebook C;, as follows:
Cr={c=Gw:weF"}. (4.33)
All operations in this step are over I,

3. Form the lattice A, by projecting the codebook into the reals by g(+), scaling down by

a factor of p, and placing a copy at every integer vector. This tiles the codebook over
R"™:

Ap =ptg(CL) + 27 (4.34)

4. Rotate Ay by the generator matrix of the coarse nested lattice to get the fine lattice
for transmitter L:

A, =LA, (4.35)

5. Repeat steps 1) - 4) for each transmitter £ = 1,2,..., L — 1 by replacing G, with Gy,
which is defined to be the first k; columns of Gy .

Clearly, any pair of fine lattices Ay,, Ay,, 1 < ¥ < €5 < L are nested since all elements of
Cy, can be found from G, by multiplying by all w € F"**& with zeros in the last £, — ¢,
elements. Also note that A = LZ" is nested within each fine lattice by construction. Finally,
we get the desired set of nested lattices A C A C--- C Ay,

By the union bound, we get that:

(U {rank(Gy) < m) < i Z r {G,w = 0}

(=1 /=1

ek
Z (4.36)

Thus, so long as p or ki, ..., k; grow appropriately with n, all matrices Gy, ..., Gy are
full rank with probability that goes to 1. Note that if G, has full rank, then the number
of fine lattice points in the fundamental Voronoi region )V of the coarse lattice is given by
|A; N V| = p* so that the rate of Ay is

1 k 1
Ry = =log|A,N V| = Zlogyp = =1 (4.37)
n n 2
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as desired. Furthermore, each message vector w € IF’;‘ can be put into one-to-one correspon-
dence with a point in A, NV as shown in Lemma [[2 In Appendix EEAZ we show that the
fine lattices are AWGN good so long as 2 — 0 as n grows. It is clear that one can choose
p, ki1, ...,kr so that the fine lattices have all the desired properties. One possibility is to let

p grow like nlogn and set ky = [nRy(logp)™!].

Lemma 9. Any lattice A that results from Construction A has a full-rank generator matriz
L.

Proof. Note that Z™ C A so that A contains all of the unit vectors by default. Thus, L spans
R™ and is full rank. O

Remark 13. We require that the fine lattices are generated from full-rank submatrices of
the same finite field codebook so that it is possible to compute linear equations over messages
with different rates. The full rank condition on the coarse lattice allows us to move between
lattice equations and equations of finite field messages.

In [4T; BT], some useful properties of nested lattices derived from Construction A are
established. These apply to our construction as well and we repeat them below.

Lemma 10. Choose any fine lattice Ay from the construction above and let Ay(i) denote the
i™ point in A, NV fori=0,1,2,...,p" — 1. We have that:

o Ay(i) is uniformly distributed over p~tA N V.

o For any iy # iy, [Ae(i1) — Ae(iz)] mod A is uniformly distributed over {p~'A} NV .

Thus, each fine lattice can be interpreted as a diluted version of a scaled down coarse
lattice p~tA.

4.3 Lattice Computation Codes

We now develop our main result which provides achievable rates for computing linear func-
tions of messages across AWGN networks. As we will see, these rates are often far higher
than those available either by first recovering all messages then computing the function or
by standard i.i.d. random coding arguments.

First, we will state the achievable computation rate and show how to optimally choose
the free parameter in the rate expression. Next, we will provide some illustrative examples.
In Section EE37T], we give a detailed proof of the main result.

Let (z)* £ max (z,0).
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Theorem 13. For channel vectors hy, ... hy € CE, the relays can recover any set of linear
equations with coefficient vectors ay, . ..,ay € {Z + jZ}* so long as the message rates are
less than the computation rate

re < min;éo(R(hm,am))Jr (4.38)
miami
SNR
R(h,,, a,,) =1 4.39
(B &) Og<|am|2+SNR||amhm—am||2) (4.39)

for some choice of a,, € C.

Theorem 14. For a given h,, € CL, a,, € {Z+;jZ}", the computation rate given in Theorem
[I3 is uniquely mazimized by choosing ., to be the MMSE coefficient
SNR I’ a,,

= 4.4
& yivse 1—|—SNR||hm||2 ( 0)

which results in a computation rate

SNR |h*,a,,[2 \ "
_ 2 mam
R(h,,,a,,) = log ((HamH T SNR||hm||2) (4.41)

Proof. Note that the denominator of ([39) is quadratic in «,,. Thus, it can be uniquely
minimized by setting the first derivative to zero.

flam) = o, am + SNR(a by, — a) " (b, — agy,)
d
d—f — 201, + SNR(2a,, b by — 2h%a,,) = 0 (4.42)
U,

am(2 + 2SNR|h,,||?) = 2SNR h* a,, (4.43)

We solve this to get « and plug back into f(a,,).

MMSE
SNR?|hf,a,m>  SNR?||h,,||%|h:,a,,)2

(1+SNR|[h,,[2)> (1 +SNR|h,[3?)*

SNR?h* a,,|?

f(aMMSE> =

—2 SNR||a,,||? 4.44
T SNR|, 7 >R A
SNR?|h? a,,|?
__ mnl L SNRIla, |2 4.45
L+ SNR|, 7 >N )
Substituting this into log ( f(aSNR )> yields the desired computation rate. O
MMSE
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The above two theorems can be interpreted in the following sense. Each transmitter uses
a fixed (lattice) codebook with a specified rate. By setting a,, = 1 and decoding to the
closest lattice point (in Euclidean distance), the relays could recover any linear equation so
long as the message rates are less than

SNR
]Og(l—%SNRHhm——amﬂ2) (4.46)

However, if each relay scales its channel output by the appropriate a prior to decoding, then
higher rates are possible. This is because the channel output @y, = > QmnlmeXe + GmZm
can be equivalently written as a channel output y,, = > ﬁmng + Z,, where ilmg = phne
and Z,, is i.i.d. circularly symmetric Gaussian noise with variance |a,,|?. Since there is a
rate penalty both for noise and for non-integer channel coefficients, then o should be used
to optimally balance between the two as in Theorem [[4. This is quite similar to the role
of the MMSE scaling coefficient used by Erez and Zamir to achieve the capacity of the
point-to-point AWGN channel in [42].

Computation Rate
n

Qz WTTTTTTT?;?QQA

0 5 10 15 25
Coefficient Vectors

Figure 4.3: Computation rate at SNR = 5dB for different coefficient vectors a € {Z + jZ}? for
channel h = [—1.1744 + j2.1496 1.2512 — j1.6335]". The coefficient vector with the highest
rateisa=[1 — 1|7 with R = 3.5436. Using standard multiple-access codes, this equation can
only be computed at rate Ryac = 2.5301.

We will often be interested in finding the coefficient vectors with the highest computation
rates. This does not require a search over all integer vectors as most vectors trivially give
zero rate.
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Lemma 11. For a given channel vector h € CE, the computation rate from Theorem [T7) is
zero if the coefficient vector a € {Z + jZ}* satisfies:

|al|* > 1+ ||h||*SNR. (4.47)

Proof. Note that |h¥ a,,|? < |[h,,||?||an||? by the Cauchy-Schwarz inequality. Using this, we
can upper bound the achievable rate from Theorem [T4:

SNR |h*,a,,[2 \ "
1 2 - m 4.4
og <(||am|| e (1.48)
e 1+ SNR|[h,||?
=% \Jlan [ + SR [P[la,q[F — SNR [hy,a,, 2
1+SNRHhmH2)
< log( . (4.49)
[l [?
The result follows immediately. O

In Figure 23, we have plotted the computation rates for coefficient vectors with non-zero
entries for an example channel of length 2. The vectors are sorted by descending rate and we
only include one of the four possible rotations of each vector, a, —a, ja, and —ja, as these
yield identical rates.

Remark 14. Note that each relay is free to decode more than one equation, so long as all the
appropriate computation rates are satisfied. In some cases, it may be beneficial to recover
a desired equation by first decoding equations of subsets of messages and then combining
them.

Example 8. Let the channel matrix take values on the complex integers, H € {Z+ jZ}M*L,
and assume that each relay wants a linear equation with a coefficient vector that corresponds
exactly to the channel coefficients, a,,, = h,,,. Using Theorem [[4] the achievable computation

rate is:
SNR|/h,,[* \ "
R=1 h,,|* — 4.50
og ((n e (4.50)
1—1—SNRHhmH2
=1 4.51
8 <r|hm||2 TSNR[, | — SNR], (4.51)
1

Remark 15. One interesting special case of Example [ is computing the sum of codewords
w1 b Wy over a two-user Gaussian multiple-access channel y = x; + x5 + z. To date, the
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best known achievable rate for this scenario is log (% + SNR). Several papers (including our
own) have studied this special case and it is an open problem as to whether the best known
outer bound log (1 + SNR) is achievable [T05 0T 99]. Clearly, one can do better in the low
SNR regime using standard multiple-access codes to recover all the messages then compute
the sum to get 3 log (1 + 2SNR).

Example 9. Assume there are L transmitters and L relays. Receiver m wants to recover
the message from transmitter m. This corresponds to setting the desired coefficient vector
to be a unit vector a,, = [0---0 1 0---0]7 where the m™ element is 1 and the rest are 0.
Substituting this choice of a,, into Theorem [[4], we get that the messages can be decoded if
their rates satisfy:

SNR|Apm]? \ "
1 1-— 4.
< g(( CrSNRaT?) 459
-1
1+SNRZ#m\hmg\2
=1 4.54
©8 ( 1+ SNR|[h,, |2 (45)
SNR|Fiym |2
=1 1 4.
ou (1 TSR (4:55)

This is exactly the rate achievable with standard multiple-access techniques if the relays
ignore all other messages as noise. In Section L5, we will use successive cancellation of
lattice equations to show that if a relay wants all of the messages, any point in the Gaussian
multiple-access rate region is achievable with compute-and-forward.

The following example shows that it is useful to allow for a different rate at each trans-
mitter.

Example 10. We have L = 4 transmitters and M = 2 relays. The channel vectors are
hy =4 —4 1 —1Tand hy =[1 1 2 2]T. The desired coefficient vectors are a; = h,
and ag = [0 0 1 1]. These equations can be reliably recovered so long as the message rates
satisfy:

(4.56)

< {log (4 +SNR)  (=1,2

SNR _
log (3 + 1i2SNR) t=3,4

4.3.1 Proof of Theorem

We now provide a detailed description of our encoding and decoding scheme. The following
four steps are a basic outline:
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1. FEach transmitter maps its message from the finite field onto an element of a nested
lattice code.

2. Lattice codewords are dithered and transmitted over the channel.
3. Receivers reliably decode a linear equation of the lattice codewords.

4. These lattice equations are mapped back to the finite field to get the desired linear
combination of messages.

We will first show how to go from messages to lattice codewords and from lattice equations
back to linear combinations of messages. Then, we prove that linear equations of lattice
codewords can be recovered at the desired computation rates. Finally, we will combine all
of these steps to get our compute-and-forward scheme.

The following lemma provides a mapping from messages over the finite field to points in
a nested lattice code.

Lemma 12. The function ¢ : F’;Z — Ay NV is one-to-one where:
¢o(w) = [Lp~'g(Gew)] mod A. (4.57)

Proof. Since G, is assumed to be full rank, it takes w to a unique point in C,. Thus,
p 'g(Gyw) maps w to a unique point in [0,1)". Lemma [ shows that L is full rank so we
just need show that the mod A operation is a bijection between L0, 1)™ and V. Assume, for
the sake of a contradiction, 3z, y € L[0, 1)", z # y such that [¢] mod A = [y] mod A. This
implies that:

r—Qa(z) =y —Qaly)
L™ (z — Qa())] mod Z" = [L™'(y — Qa(y))] mod Z"
[L~'2] mod Z" = [L™'y] mod Z"
xT=y
where the third step follows since for any A € A, L7'\ € Z". A contradiction has been

reached which, combined with the fact that [F¥| = [A, N V| = p*, shows that ¢, is a
one-to-one map. U

Assume the messages are encoded onto nested lattice codes using ¢, from Lemma
and that the relays successfully recover a linear combination of lattice points. The following
lemma shows how to convert these lattice equations back to the desired messages equations.

Lemma 13. For messages wy, € F’;‘f zero-padded to length k., let u = Y qw, for some
coefficients q, € F,. Also, set t; = ¢o(wy) and v = > asty] mod A for some a, € Z such
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that ¢ = g~ '([ag] mod p). We have that u = ¢} (v) where
ot (v) = (G]G) "Gl (p[L™"v] mod Z") . (4.58)

Proof. Recall that since L is the generator matrix of A, L='A = Z". Also note that since wy
is zero-padded to length k,,, then multiplying by G,, has the same effect as multiplying the
original message by G,. We have that:

[L~'v] mod Z" (4.59)
i L L
= L_l Z agtg + L_lQA (Z agtg>] mod Z" (460)
=1 =1
i L
= |L™! Zagtg mod Z" (4.61)
L =1
ML
— Zaf (p'9(Grwe) — L_lQA(Lp_lg(Gng)))] mod Z" (4.62)
=1
F L
= ap g(G Wy ] mod Z" (4.63)
[ =1
Multiplying by p we get:
L
p[L™'v] mod Z" = Z agg(Gng)] mod pZ" (4.64)
=1

=19 (@ QszWz>] mod pZ" (4.65)
=g<G}mewJ (4.66)

Applying g=! to move back to the finite field we get:
L
-t (p[L_lv] mod Z") =G, @qéw@ (4.67)

Finally, note that (Gr%;(}m)_1 GZ is the left-inverse of G,, and we get that ¢_1(v) =u. O
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The proofs for our lattice coding scheme will make use of random dither vectors which
are available at the transmitters and relays as common randomness. Since our scheme works
with respect to expectation over these vectors, then it is clear that (at least) one set of good
fixed dither vectors exists. See Appendix for more details. The following lemma from
[42] captures a key property of dithered nested lattice codes.

Lemma 14 (Erez-Zamir). Let t be a random vector taking values on R™. If d is independent
of t and uniformly distributed over V, then [t — d] mod A is also independent of t and
uniformly distributed over V.

Theorem 15. For any € > 0 and n large enough, there exist nested lattice codes A C Ay C
- C Ap with rates Ry,..., Ry, such that for all channel vectors hy,... hy; € CL and

coefficient vectors ay,...,ay € {Z + jZ}, each relay can decode lattice equations vE vi
where
- -
v = Z Re(ame)ts — Im(ame)t; | mod A (4.68)
L =1 i
- :
vl = Z I (e tf + Re(ame)tt | mod A (4.69)
Le=1 i
of transmitted lattice points t[,t € Ay NV with total probability of error € so long as:
Ry < mm;éo (R(hy, am)) " (4.70)
My
1 SNR
R(h,,,a,) = -1 4.71
(B ) = 3 Og(|am|2+SNR||amhm—am||2) (4.71)

for some choice of a,, € C.

Proof. Each encoder is given two dither vectors, df and d/, which are independently drawn
according to a uniform distribution over V. All dither vectors are made available to each
relay. Encoder ¢ generates a channel input:

x = [t — d}f] mod A + j[t; — d/] mod A. (4.72)

By Lemma [[4], the real and imaginary parts of x, are independent and uniform over V so
LE[|x¢|[?] = SNR, with expectation taken over the dithers. In Appendix A3, we argue
that there exist fixed dithers that meet the power constraint set forth in (3.
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The channel output at relay m is:

L
Ym = Z honeXp + Zoy,. (4.73)
=1

Let £(m) = max {{ : anme # 0} and let @, denote the lattice quantizer for Ay,y. Note that
¢(m) is the highest rate message in the equation and thus the rate of the equation that relay
m wants to decode. FEach relay computes:

L

sf = Re(tmym) + Y _ Re(ame)df — Im(aye)d] (4.74)
/=1
L

st = Im(ym) + Y Im(ame)df + Re(ay)dy. (4.75)
/=1

To get the estimates of the lattice equations, these vectors are quantized onto Ag,y modulo
the coarse lattice A:

= [Qu(s%)] mod A (4.76)
vl = [Qm(sh,)] mod A 4.77)

Note that by [20) we have:
[Qun(sk)] mod A = [Qp,([sX] mod A)] mod A. (4.78)

We now show that [s] mod A is equivalent to vZ plus some noise terms.
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[s%] mod A

L
= Z Re(mhme)Re(x¢) — Im (e )Im(xe) + Re(ame)dE — Im(apme)d] + Re(amzm)] mod A
¢

I
=

Re(ame)(Re(x¢) + dF) — Im(apme)(Im(x¢) 4+ dl) + Re ((tmhme — ame)xe + amzm)] mod A

M- -

Re(ame)([tF — dff) mod A 4 dfY) — Im(ame)([t) — df] mod A +d}) ---

o~
Il
—

. Re((amhmg — ame)Xe + amzm)] mod A (4.79)
L
= lz Re(ame)tE — Im(ame)ts + Re((amhmg — Qme)Xe + amzm)] mod A (4.80)
(=1
L

vfz + Re(amzm) + Z Re(amhme — amg)[tf - df] mod A -
(=1

-~ — Im(amhme — ame)[t; — d}] mod A} mod A (4.81)
Using similar manipulations, it can be shown that [s! ] mod A is equivalent to v plus

some noise terms as well. Using Lemma [[4 we can show that the channels from v to v£
and from v! to V! are equivalent in distribution to:

VI = [Qum(vy + 2zl ,,)] mod A (4.82)
V= [Qu(ve, +2zl,,,)] mod A (4.83)
L
2l = Re(amzy) + > 0%,dff — 6],d] (4.84)
/=1
L ~ ~
2Ly = IM(0mz,) + Y 0h,df +02%,d] (4.85)
/=1
Qﬁg = Re(amhmg — amg) (486)
erInE = Im(amhmé - amZ) (487)

where each &f and aé is drawn independently and uniformly from V.
Using Lemma [3 from Appendix AT, we have that the densities of both zf, and z/_
are upper bounded (times a constant) by the density of an i.i.d. zero-mean Gaussian vector
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z! whose variance o2, approaches

. ‘O‘m‘z SNR R \2 I \2
Nogm = 125+ 2= (05, + (61,0)°) (4.89)
12 SNR
:‘Oé‘ +——§—Hamhm——amH2 (4.89)

as n — oo. We also show in Appendix that Ay, Ag, ..., A are AWGN good. From
Definition B8, this means that Pr(z;, ¢ Vi) goes to zero exponentially in n so long as the
volume-to-noise ratio satisfies (1(Aymy, Pe) > 2me. Since decoding is only in error if zf;, ,, or

z! . leave the fundamental Voronoi region of the fine lattice Ay, and the probability of

eq,m
this event is upper bounded by Pr(z!, ¢ Vi) times a constant, we get that Pr(v # vi)
and Pr(v1 # vl ) go to zero exponentially in n.
To ensure that the probability of error goes to zero for all desired equations, we get that

the volume of V() must satisfy

Vol (Vi) ))2/™
2me < p(Aogmy, Pe) = (Vo Ojf; ) (4.90)

for all relays with a,,, # 0. If we set the volume of V, as follows, the constraints are always
met:

n/2
Vol(V,) > (27re max, 0,2,1) (4.91)
M e
Recall that the rate of a nested lattice code is
1 Vol(V)
Ry=—1 ) 4.92
‘T 8 (Vol(Vg)) ( )

Using ([E28), we can solve for the volume of the fundamental Voronoi region of the coarse
lattice:

SNR/2\ "/
Vol(V) = 4.93
aw) - (352 (4.93)
It follows that we can achieve any rate less than:
1 SNR/2
in —1 —_— 4.94
B < im0 2 O (G(A)2Weafn) (4.54)

while driving the probability of error to zero. Choose § > 0. Since A is good for quantization,
for n large enough, we have that G(A)2re < (1 +§). We also know that o2, converges to
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Wil ¢y Dither

Xy

0
§o0
00

)
l— <

Wi~ by Dither—

Figure 4.4: Block diagram of the compute-and-forward encoder for transmitter ¢, £,. Messages
from a finite field are mapped onto a nested lattice code, dithered, and transmitted across the
channel.

Neg.m so for n large enough we have 02, < (1+8)N,y,,. Finally, we get that the rate of each
nested lattice code is at least:

1 ( SNR

in -1
miam20 2 0 \ a2 + SNR[[amhy, — a2

)—mg1+&

Thus, by choosing § small enough, we can approach the computation rates as closely as
desired. ]

Remark 16. Note that [EZ1) differs from ([E3d) by a factor of . This is because [ZI) is
the rate of the nested lattice code which operates in the reals and (39) is the rate of the
message which has a real and an imaginary component.

Remark 17. The proof of Theorem [[3 only requires channel state information at the relays.
In particular, each relay only needs to know the channel coefficients from the transmitters
to itself h,,.

We now put all of these ingredients together to prove Theorem See Figures 4] and
for block diagrams of the encoding and decoding process.

Encoder ¢ maps its finite field message vectors, wlt, w! € F';l, to lattice points, t2, t! €
Ae NV, using ¢4(-) from Lemma T2

ty = de(wy) (4.95)
t; = ¢o(wy) (4.96)
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jacol
" R837

emove _ R

O]m Rep~ Dithers ~ [Qm( )] mod A ¢m1 U,

OXO:

" 837

emove _ I

IM P popone [ @ ()] mod A o lul,

Figure 4.5: Block diagram of the compute-and-forward decoder for relay m, D,,. The channel
observation is scaled and decomposed into its real and imaginary components. The decoder then
removes the dithers, quantizes onto the appropriate fine lattice, and takes the modulus over the
coarse lattice. This results in an equation of lattice codewords which is then mapped into an
equation of messages over the finite field.

Using Theorem [[H, these lattice points are transmitted across the channel. Since the message
rates are twice the lattice code rates, r, = 2Ry, the relays can recover lattice equations

L
vi = Z Re(apme)tE — Im(ame)ts | mod A (4.97)
=1

A%

I
] =

1
m

I (e tf + Re(ame)tt | mod A (4.98)
=1

for any ay,...,ay € {Z + jZ}* so long as

r, < min |lo SNR :
¢ My 70 & ‘Osz + SNRHOémhm — amH2

for some a,...,ay € C. Finally, using ¢! from Lemma [[3, each relay can decode the
desired linear combination of messages:

L

ufl = ¢, (vi) = P arwi © (—qh,)w] (4.99)
/=1
L

ul, =6, (vh) = P ahw! © qfiwi (4.100)
/=1
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4.3.2 Real-Valued Channels

We now restate our main results for real-valued channels.

Corollary 2. For real-valued channel vectors hy,... hy; € RY, the relays can recover any
set of linear equations with coefficient vectors ay, ... ,ay € Z* so long as the message rates
are less than the computation rate

T < mmﬂ](R(hm,am))+ (4.101)
M
1 SNR
R(h,,, a,) ==1 4.102
(i, 2 ) =7 log (oz?nJrSNRHozmhm—amH?) (4.102)

for some choice of a,,, € R.

The coding scheme is quite similar to that for complex-valued channels: encoder ¢ maps
its finite field message vector, w, € IF];‘, to a lattice point, t, € Ay NV, using ¢,(-) from
Lemma [T2

te = pu(Wy) (4.103)

It follows from the proof of Theorem [[H that if these lattice points are transmitted across
the channel then each relay can recover a lattice equation

L
Vi, = [Z amgtg] mod A (4.104)

(=1

for any ay,...,ay € Z" so long as the message rates satisfy

< min 1 lo SNR '
T m:a,il;é(] 2 & Oé?n + SNRHamhm - am||2

for some ay,...,ay € R. Finally, using ¢! from Lemma [[3, each relay can decode the
desired linear combination of messages:

L
u, = ¢ (vl) = @ QmeWe (4.105)
=1

Corollary 3. For a given h,, € RF, a,, € Z*, the computation rate given in Corollary@ is
uniquely maximized by choosing oy, to be the MMSE coefficient

SNR hZa,,

= 4.1
Qs 1 —l—SNR||hm||2 ( 06)
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which results in a computation rate

1 ,  SNR (hZa,)2\ "

4.3.3 Multi-Stage Networks

The framework developed in this section can easily be applied to AWGN networks with more
than one layer of relays. Once the first layer has recovered its equations, it can just treat
them as a set of messages for the second layer. The second layer simply decodes equations
with coefficients that are close to the channel coefficients. This process repeats until the
equations reach a destination. Since these layered equations are all linear, they can be
expressed as linear equations over the original messages.

4.4 Recovering Messages

The primary goal of compute-and-forward is to enable higher achievable rates across an
AWGN network. Relays decode linear equations of transmitted messages and pass them
towards the destination nodes which, upon receiving enough equations, attempt to solve for
their desired messages. In this section, we give sufficient conditions for recovering messages
from a given set of equations.

It will be useful to represent the equations in matrix form. Let Qf = {¢%,} and Q! =
{q! ,}. Now let Q denote the coefficient matrix where

QR _QI }
= . 4.107
Q |: QI QR ( )
It is clear that we can write the linear combinations of messages u? and u! as
— u1R — - WlR —
R R
Uy | W
ol | = Q wl | (4.108)
| wy [ Wiy

Using this representation, we can easily obtain the following two theorems for recovering
messages.
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Theorem 16. Given L linear combinations of messages with coefficient matrix Q €
a destination can recover all messages if Q is full rank over IF),.

2L x2L
IF> ,

The proof follows by noting that if Q is full rank, the destination can simply apply the
inverse matrix to the vector of equations in ([@I08) to recover the original messages.
Recall that d, is the unit vector with 1 in the ¢ entry and 0 elsewhere.

Theorem 17. Given K linear combinations of messages with coefficient matriz Q €
a destination can recover the message from encoder £ if there exists a 2 x 2K matrix ® such
that

2K x2L
Fp

)

Q= [ 5;5? } (4.109)

{+M

Again, it is clear from ([I0Y) that applying ® to the vector of equations allows the
destination to recover wj* and w/ since they occupy positions ¢ and ¢ + M in the vector of
messages.

Remark 18. These conditions can also be easily stated in terms of the coefficient vectors

ai,...,ay € {Z+ jZ}*. First set A = [a; --- ay]” and let A denote its real-valued
decomposition:

~ | Re(A) —Im(A)

A= Im(A) Re(A) (4.110)

Now one can replace Q with A in Theorems and [ so long as all operations are taken
modulo p.

It may be more convenient to evaluate the rank of the coefficients directly on the complex
field. This is possible, given some assumptions on the equation coefficients.

Theorem 18. The destination is given L linear equations with coefficient vectors

ai,...,a; € IFIQ,LXQL. Assume that magnitude of each equation coefficient is upper bounded
by a constant, |ame| < apax . Then, there exists an ng such that for all blocklengths n > nq,
the destination can recover all messages if A = [a; -+ ag]? is full rank over the complex

field.

Proof. A is full rank over the complex field if and only if its real-valued decomposition A
from (ELIT0) is full rank over the reals. Recall that a matrix is full rank only if its determinant
is non-zero. We will now show that for sufficiently large p, if the determinant of A is non-zero
over the reals it is non-zero modulo p. The determinant over R can be written as:

2L
det(A) = " sgn(0) [ dmom) (4.111)
c€eS m=1
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where S is the set of all permutations of {1,2,...,2L}, sgn(o) is the signature of the per-
mutation which is equal to 1 if it is an even permutation and —1 if it is an odd permutation,
and @, are the entries of A. Using the bound on a,,, and the fact that |S| = (2L)!, the
determinant is lower and upper bounded as follows:

—(2L)(anax)?F < det(A) < (2L)!(anax)?t (4.112)

The determinant under modulo p arithmetic can be written as:

2L
Z sgn(o) H Amo(m) | mod p (4.113)
oES m=1

Since the underlying field size p — oo as n — oo, for large enough blocklength n, we can
use the bounds on det(A) to show that the determinant modulo p does not wrap around
zero. This immediately implies that it is zero if and only the determinant is zero over the
reals. O

Remark 19. Theorem [[§ can also be stated in terms of bounds on the channel coefficients.
For instance, if |h,e| < hyax, then we can use the bound in Lemma [l to show that |a,,,| is
bounded as well. More generally, the result holds if the channel coefficients are drawn from a
distribution such that Pr (Uye{|hme| > haax}) — 0 as hyax — oo. In this case, we choose
havax such that this probability is very small and can be absorbed into the total probability
of error for our scheme. The result follows by taking an appropriate increasing sequence of

haiax.

VAl Z‘ll
X1 !y xq ! yi
wWi1—| & —(+ R @
Z2 z4 )
X2 y2 x5 4 y3 w1
wWo2— &y + Ro @ Wo

. a
Z ) Zyy

a a
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Wr— Em —@® R ®

Figure 4.6: A linear relay network where compute-and-forward is beneficial.

Example 11. Consider the AWGN network in Figure L. Encoder &1, . . ., £y send messages
through a channel H to relays Ry, ..., Ry. Each relay has a point-to-point AWGN channel
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to the final decoder D which wants to recover all of the messages at the highest possible
symmetric rate. Each channel input has power at most SNR and all noise terms are i.i.d.
circularly symmetric Gaussian with variance 1. Let H be an M x M Hadamard matrix. (We
assume that M is chosen such that a Hadamard matrix of that size exists. ) Recall that a
Hadamard matrix has +1 entires such that HH? = MT.

Using Theorems [[4 and [[8 and setting the coefficient vectors equal to the channel vectors,
a,, = h,,, compute-and-forward can achieve

1
Ropup = log (M + SNR) (4.114)

bits per channel use per user since H is full rank. It can be shown that decode-and-

forward, amplify-and-forward, and compress-and-forward (with i.i.d. Gaussian codebooks)
can achieve

1
Ry, = == log (1+ MSNR) (4.115)

SNR

bits per channel use per user. Compute-and-forward is the dominant strategy except at very
low SNR and it approaches the upper bound R, .., = log (14 SNR) as SNR — oco. As M
increases the rates of decode-and-forward, amplify-and-forward, and compress-and-forward
go to 0.

Example 12. There are 3 destinations which each want to decode the message associated
with their index. Assume that the underlying field size is p = 3. The first destination
receives equations with coefficient vectors a; = [4 2 2|7 and ay = [55 — 1 — 17, the second

receives by = [1 2 1]7 and by = [-1 0 — 1]7, and the third receives ¢ = [0 0 1 + j]*. The
finite field matrix representation of these equations is:
r_ |1 22 ;000
Qa |: 0 2 2 Qa - 2.0 0 (4117)
R _ 1 2 1 I _ 0 0 0
QF=1[00 1] Q=100 1] (4.119)

Using Theorem [[@ with the following matrices, each destination can recover its desired
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message:
2121 2200
q’“_[1221} ‘I’b_{0022} (4.120)
2 2
@C_[l 2} (4.121)

4.5 Successive Cancellation

Once a relay has recovered an equation of messages, it can subtract it from its channel ob-
servation. This results in a residual channel output from which it can extract a different
equation, potentially with a higher rate than possible over the original channel. One key
difference from standard applications of successive cancellation is that the relay cannot com-
pletely cancel out all channel inputs associated with the decoded equation. This is because
in the first step, it only decodes an integer combination of the messages, which is often not
the same as the linear combination taken by the channel.

We demonstrate an achievable region for decoding two different equations using successive
cancellation at each relay. This can be easily generalized to more than two equations.

Theorem 19. For channel vectors hy,... hy, € CE, the relays can first decode any set
of linear equations with coefficient vectors ay,...,ay € {Z + jZ}* and then any set with
coefficient vectors by, ..., by € {Z + jZ} s0 long as the message rates are less than the

computation rates:

m<min( min R (h,,,a,,), min RQ(hm,am,bm))

MiAme7#0 M:bye#0

SNR
h,,, a,) =1
Fa(bm, am) Og(kmﬁ2+SNRHamhm“&ﬂP)

Rpi, a,, =06; for some 1,

Rps, otherwise.

RQ(hmu Am, bm) = {

Rt — 1o SNR
L= 08 ‘6m‘2 + SNRZ[;A@ wmhmﬂ - meP

R — o SNR
B2 = 08\ 1Bn2 + SNR[| By — Ty, — by 2

for some choice of c, B € C and 1, € Z + j7Z.
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Proof. All messages are mapped on to lattice points, dithered, and transmitted across the
channel as in the proof of Theorem [[3. The first set of equations can be reliably decoded
using the procedure from Theorem [[3 as well. Now, we condition on the event that each
relay has successfully recovered the equation with coefficient vectors a,,.

Consider the case where the first coefficient vector at relay m is a unit vector a,, = 9;.
This means that relay m can successfully decode the message (w7, w!) from encoder i. It

can then replicate the encoding process to get x;. Now, the relay computes

hiiXi = > PoeXe + 2, (4.122)
0+

and uses this as a channel output for Theorem [[3 to get the equation with coefficient vector
b,, which is equal to by, except that it has 0 in the i*" position. It then adds wk and w! to
the recovered equation to get b,,.

If a,, is not a unit vector, the decoder has access to the lattice equations:

- L -
v = Z e(ame)t — Im(ame)t) | mod A (4.123)
[ e=1 |
- -
vl = Z M (@) tE + Re(ame)ts| mod A (4.124)

From which it computes

r L
vE = vE <Z e(ame)d,” — Im(amg)dé>] mod A
F L
= Z Re(amgxg)] mod A (4.125)
L =1
i L
vl = |vE — (Z 1M (@) + Re(amg)d£>] mod A
=1

I
~
I Mm
I

Im(amgxé)] mod A (4.126)
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5’7}2 = [Re(ﬁmym) - Re(Tm){/ﬁ + |m(7'm){fl ] HlOd A

m

_ . -
= |Re (Z (Bhme — Tim@me)Xe + zm> mod A

=1
yh = [m(Bnym) — Im(7,,)vE — Re(7,) V1] mod A

m

_ . -
= |Im (Z (Bmhme — TimGme)Xe + zm> mod A

/=1

Now we can follow the steps in the proof of Theorem [[Q. In ), replace Re(a,,y.,) with
2 and in [@TH), replace Im(a,,y,,) with ¥2 . In all steps of the proof, we substitute d,,,
with b, Qphme with B, R — Tame, and, if has not already been replaced, «,, with 5,,. O

Remark 20. Given, a,,, b,,, and 7,,, we can solve for the optimal 3,, following the steps of
the proof of Theorem [T4l

Example 13. There are L = 4 transmitters and M = 1 relay and the channel vector is
h; = [10 10 85 8;5]7. The relay wants to first decode the equation with coefficient vector
a; = [1 15 j]7 and then with coefficient vector by = [1 1 —j — j]7. Using Theorem [[J,
this is possible if the message rates satisfy:

1 81SNR 1 -
in (1 -+ —,1 — NR
rg<m1n(og(4—l—1+4SNR),Og<328+5 ))
by using 71 = 9 so that h;y — mpa; = by. Note that if we applied Theorem [[3 to decode by,
we would not be able to get a positive rate.

Remark 21. As noted in Remark [[4 it may be more efficient to recover an equation
piecewise by recovering equations of subsets of messages and taking an appropriate linear
combination of these equations. Theorem [[dis strictly better for this process than Theorem
1K

Assume there is only one relay and that it wants to recover all transmitted messages.
This is the standard Gaussian multiple-access problem whose capacity region is well-known
to be the set of all rate tuples (rq,...,r) satisfying:

Zm < log <1+SNRZ|h1z|2> (4.127)

les les

for all subsets S C {1,2,..., L} 29, Theorem 14.3.5]. We now show that compute-and-
forward includes the multiple-access capacity region as a special case. First, we consider
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the corner point of the capacity region associated with decoding the messages in ascending
order. From Example [, this is possible if:

(4.128)

2SNR
r1 < log <1+ |75 )

1+ SNRYE g2

Using Theorem [[9, the relay removes x; from the channel observation to get Zf:z hiex¢+2;.
It then repeats the above procedure for each message in ascending order to get:

|71¢|2SNR )
1+SNRY . il

re < log <1 + (4.129)

This is clearly a corner point of the multiple-access capacity region. By changing the decoding
order, any corner point is achievable. Note that any point on the boundary of the capacity
region is achievable by time-sharing between two corner points.

4.6 Superposition

In the previous section, we considered the scenario where each relay decodes several equa-
tions, but the transmitters each use a single codebook (as in Theorem [[F). However, when
decoding multiple equations, it is sometimes useful to superimpose multiple codebooks. We
investigate this possibility in this section.

We will assume that there are two levels A and B and that each relay wants to a recover
an equation from both levels. (If it is not interested in a level, it can just set its desired
coefficients to zero.)

Each encoder has two messages wyq = (Wi, wl,) and w,p = (wl, wly) with rates 14
and ryp respectively. Each relay wants to decode equations u® ,,u! , and uf 5 u! ; with
coefficient vectors a,, and b,, respectively. In the theorem below, we give achievable rates
for this scenario by combining superposition and successive cancellation. The basic idea is to
superimpose two lattice codes at each receiver (in both the real and imaginary dimensions)
scaled by v,4 and .5 to ensure that the power constraint is met.

Theorem 20. Choose yoa, Ve such that |yea|*+|ves|? = 1. For channel vectorshy, ... hy €
CE, the relays can first decode any set of linear equations over wya with coefficient vectors
ai,...,ay € {Z+jZ}* and then any set of linear equations over wep with coefficient vectors

76



Chapter 4. Compute-and-Forward: AWGN Networks

by,...,by € {Z + jZ}* so long as the message rates are less than the computation rates:

hmA = ['YlAhml e ’}/LAth]T

hmB = [Vlmal te 'VLBh'mL]T

TzA < mln (Rl (hmA7 hmB7 am)>+

M 70
SNR
R hm 7hm y ' = 1
(B, B, 2) = log (|am|2<1 + SNR|[hy,5]%) + SNR[[a b — amllz)

T < min (RQ(hmA, hmB7 Am, bm))+

m:bp, e #£0

Ro(hyma, by, am, by) = {RBl, a,, = 90; for some i,

Rps, otherwise.

Rpi =1lo SNR
PR 1B, P(1+ SNRY ., [ealind]?) + SNR[[Brbiys — by

Rpy =1lo SNR
B2 =08\ 13 T2 L SNR[[Gmbima — 7|2 + SNR| b — b

for some choice of avy, B € C and 1, € Z + j7Z.

Proof. Choose a set of nested lattices A, A14,...,Apa, AiB, ..., ALp with appropriate rates.
Each encoder maps its messages onto lattices and dithers them with dfY,d!,, d%;,d!; gen-
erated independently and uniformly from V:

iy = dea(wiy)  tia = dra(Wiy) (4.130)
s = ds(Wip)  tip = dus(Wip) (4.131)
x4 = [t¢ly — d7}y] mod A + j[t7, — dj,] mod A (4.132)
xp = [ty — dj) mod A + j[t]; — djp] mod A (4.133)

It then combines x,4 and x,5 according to y,4 and vy, which guarantees the power constraint
is met:

Xy = YeAXeA + YeBXeB (4.134)
1
EE[HXAF] = (|7eal® + |es*)SNR = SNR (4.135)

At each receiver, we can just treat the channel output as if it came from 2L transmitters
labelled 1A,..., LA, 1B, ..., LB. We can write the channel to receiver m and the desired
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coefficient vectors as:

T hmA ~ A, T 0

O R I 1 I 0 e
We can now directly apply Theorem I3 with flm, a, and by, to get the desired result. 0O

Remark 22. In order to focus on concepts and keep notation manageable, we have chosen
to present our result as above in Theorem 201 There are several immediate extensions,
including:

e More than two levels.
e Allowing a different decoding order at each relay.
e Equations spanning different levels.

Example 14. There are L = 3 transmitters and M = 1 relay and the channel vector is
h; = [11+/2]7. Levels A and B that use scaling coefficients 7,4 = 794 = 0, 713 = 728 = 1,
and 34 = 733 = 1/v/2. The relay wants to first decode the equation with coefficient vector
a; = [0 0 1]7 from level A and then the equation with coefficient vector by = [1 1 1]7 from
level B. Using Theorem 20, this is possible if the message rates satisfy:

SNR
r3a < log (1 + T 35NR 35NR) (4.137)
1 +
rep < <10g <§ + SNR)) (=1,2,3. (4.138)

Remark 23. It can be shown that nested lattice codes can approach the capacity region of
the standard Gaussian broadcast problem. See [162] for more details.

Remark 24. For an application of this superposition scheme to a backhaul-limited cellular
uplink network, see [IT1].

4.7 Upper Bound

In this section, we give a simple upper bound on the computation rate through a genie-aided
argument. This bound does not match our achievable strategy in general and it may be
possible to construct tighter outer bounds by taking into account the mismatch between the
desired function and the function naturally provided by the channel.
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Theorem 21. Assume the channel between the transmitters and the relays is
(Y1, - ymleL, ... xp). If the relays, want equations with coefficient vectors
ai,...,ay € {Z+ jZ}*, the message rates are upper bounded as follows:

Ty S min#OI(Xg; Ym|X1, ce ,Xg_l, Xg_,_l, e ,XL)
M e
For the Gaussian channel model considered in this paper, with channel vectors
hy,...hy, € CE, this specializes to:

re < min_log (14 |[me*SNR) (4.139)

My, 70

Proof. To each relay m for which a,,, # 0, we provide all messages except that from encoder
(¢ as genie-aided side-information. Now, we are left with a multicasting problem from encoder
¢ to all relays with a,,, # 0. Clearly, the multicast rate is upper bounded by the lowest rate
link. For the Gaussian case, it is easy to show that the mutual information expressions are
maximized by the Gaussian distribution. O

Appendix 4.A Proofs

4.A.1 Upper Bound on Noise Densities

In this appendix, we demonstrate that the densities of the noise terms in Theorem are
upper bounded by the density of an i.i.d. Gaussian vector. The proof follows that of Lemmas
6 and 11 from [42).

Lemma 15. Let z ~ N(O,%I"X") and let dy be independently generated according to a
uniform distribution over V. Also, let o} denote the second moment of an n-dimensional ball
whose radius is equal to the covering radius v, of A and let z; be independently generated
according to N'(0, ogI"*™). Now, let

L
Zeg = OZ + Z 6,d, (4.140)
=1
where a, 0y € R. There exists an i.i.d. Gaussian vector

L
z'=oz+ Z 0oz, (4.141)
=1
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with variance o2 satisfying

TEFFEC 2

2 2 SNR &
0% < % + (M) SR i (4.142)
/=1

such that the density of z., is upper bounded as follows:

faeg(2) < €590 £ (2) (4.143)
1 o1
c(n) = In <@) + = In2meGY) + = (4.144)
TEFFEC 2 n
where Gg") is the normalized second moment of an n-dimensional ball and r,... s the

effective radius of A.

Proof. First, we will show that the density of z., is upper bounded as desired. From Lemma
11 in [@2], we have that:

fa,(z) < e f, (2) (4.145)
Since z,d;,...,d; are independent, we can write the density of z., as an n-dimensional
convolution of the densities of its components:
fzeq (Z> = faZ(Z> * f91d1 (Z> ook fGLdL (Z) (4146)
Similarly, we can write the density of z* as:
fo(2) = faz(2) * fo,27(2) % - % fo 2y (2) (4.147)
Since probability densities are non-negative, we can use the upper bound in ([IZH) to get:
fou(2) * fo,0,(2) < fau() " fo, 5 (2) (4.148)

Applying this idea L times to f,, (z) yields:
freg(2) < U £ (2) (4.149)

We must now upper bound the variance of z*. By Definition B2, Vol(B(r .ppe)) = Vol(V).
Recall that a ball has the smallest second moment for a given volume. Let b be generated
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according to the uniform distribution over B(r.., ). It follows that

cov

SNR

1
= —F [||d/|]? 4.150
= ~E [Idd] (4.150)
2 2
> lE TEFFECb — (TEFFEC) 0223 (4'151)
n TCOV TCOV
Finally, we get:
1 1<
o = —E [lozl’] + - E [|0:2]] (4.152)
=1
9 L
o 2 2
=5 + 05 Z o; (4.153)
=1

07 (4.154)

O

Since and <% — 1 and ng) — 5= asn — o0, ¢(n) — 0 as n — co. AWGN good
EFFEC

lattices have a positive error exponent for i.i.d. Gaussian noise with variance smaller than

the second moment of the lattice so this means that the probability of error can be driven

to zero as the blocklength increases.

4.A.2 Fine Lattices are AWGN Good

We now show that the fine lattices can recover from i.i.d. Gaussian noise.

Lemma 16. Ay, Ao, ..., A are AWGN good with probability that goes to 1 as n — oo so
long as % — 0.

Proof. Let z, denote an i.i.d. Gaussian vector with zero-mean and any variance o7 such that
the volume-to-noise ratio for A, is greater than 2me. Consider the following channel from
X, €EVtox, eV

Xy = [QAK(XZ + Zg)] mod A (4155)

and let P., = Pr(X, # x,). In Appendix B of [42], it is shown that the random coding
error exponent for this channel (with x, generated uniformly over V) is equal to the Poltyrev
exponent. This means that F,, decreases exponentially with n for volume-to-noise ratio
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greater than 2we. Appendix C of [A2] shows that the same performance is possible if x; is
drawn according to a uniform distribution over {p~1A} NV and > — 0.

From Lemma [, we know that the marginal distribution of each element of A, NV is
uniform over {p~'A}NV. Furthermore, all points in the set A,NV are pairwise independent.
This is all that is required to apply the union bound and obtain the same performance as
i.i.d. inputs over {p™*A} NV in terms of the error exponent.

Thus, the probability that A, is AWGN good (with the Poltyrev error exponent) goes
to 1 as n — oo. It follows from a simple union bound that A,..., Ay are simultaneously

AWGN good with high probability as n — oo. O

4.A.3 Fixed Dithers

We now show that there exist fixed dithers that are appropriate for our coding scheme. We
begin by showing that with high probability over the dither vectors, the power constraint
can be met (since in the proof of Theorem [ this is only done in expectation).

2
Choose § > 0. Scale the second moment of the coarse lattice to be 03 = 288 —§ (—T‘jFFEC>
cov

and consider the real part of the channel input from encoder ¢, [t} — d}f] mod A. By

Lemma [T[4], this is uniformly distributed over V. Let d be a vector drawn from the uniform

distribution over V and z* be an i.i.d. Gaussian vector with mean 0 and variance o2 =

2
( “cov ) o%. Since z* is i.i.d. Gaussian, by the weak law of large numbers

TEFFEC
1 204
P(|=llz*?—0c? >6§) < =—. 4.156
(g1 | > 8) <5 (4.156)
From Lemma 11 in [42], we have that:
fa(z) < e f,.(z). (4.157)

2
with ¢(n) as in (ETZ)). Note that o = (TC¢> SNR _ § so the probability that d violates

TEFFEC 2
the power constraint can be upper bounded in terms of o2

1 NR 1
P<—||d||2 > S—) gP(‘—||d||2—a2 >5> (4.158)
n 2 n
4
< om0 (4.159)
on

This goes to 0 as n goes to infinity so, by the union bound, all channel inputs obey the power
constraint with high probability. Since A is covering good and the rates are continuous in
the second moment of the coarse lattice, we can choose a decreasing sequence of ¢ that
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approaches the rates achieved when o3 = SNTR.

We note that the probability of decoding error in Theorem [[H goes to zero as n increases
when using random dithers. Taking a union bound over this error event and the event that
any dither exceeds a power constraint, we get that for n large enough there is (at least) one
good fixed set of dither vectors.
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Chapter 5

Communication Network Applications

The two previous chapters showed how to send functions of messages efficiently through
the use of computation codes. In a communication network, we are often only interested
in relaying messages to their destinations, not in computing functions. However, only the
destinations need to learn their messages, all other relay nodes can follow any strategy that
helps achieve this objective. In a wireless network, the usual approach is to use channel
codes so that relays can send messages to one another. This forms a bit pipe network on top
of which the messages can be routed from source to destination. Unfortunately, establishing
these bit pipes can be quite costly as the channel codes must treat interference as noise.
Our approach is to apply compute-and-forward and and have relays decode functions of the
messages with coefficients chosen to match the fading realization. These equations are sent
towards the destinations which can solve for the original messages after collecting enough
equations.

One key advantage of compute-and-forward is that it works with the noisy linear combi-
nations provided by the wireless medium. Another is that it is a digital strategy: relays send
out message vectors over a finite field and recover equations over the same field. The same
cannot be said for other cooperative strategies such as amplify-and-forward and compress-
and-forward. These analog strategies work directly with the received waveforms to extract
gains. While they perform quite well in the high SNR regime, analog strategies suffer as
noise builds up with each retransmission. For larger networks at moderate SNR values, it
is better to remove the noise at each stage using compute-and-forward. Moreover, from an
engineering standpoint, we prefer modular solutions that fit into the network protocol stack.
The current network architecture relies on a digital representation in bits at all layers above
the physical layer. With compute-and-forward, we can nearly retain this representation by
working with equations of bits at the physical layer. Analog strategies do not seem to admit
such a representation and might require a cross-layer architecture. Thus, we would poten-
tially have to sacrifices the advantages of modularity to improve the end-to-end throughput
[0 .
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We will explore several different network scenarios and compare the performance of
compute-and-forward to other cooperative strategies. First, we consider a cellular uplink
system with cooperating cell-sites. Next, we look at a two-user distributed MIMO system.

Afterwards, we show how to apply compute-and-forward for network coding over interfering
links.

5.1 Backhaul Constrained Cellular Uplink

A major challenge in cellular communication is efficient interference management for the
uplink channel. Each basestation in a cellular deployment receives signals from users within
its cell as well as interference in the form of signals from users in adjacent cell sites. Clas-
sical communication schemes attempt to mitigate the effects of this interference either by
orthogonalization or interference averaging. Significant gains are possible over these strate-
gies by allowing some degree of cooperation between the basestations, which is known as
joint multiple cell-site processing.

Wymner’s original paper on cellular systems considers full cooperation between the basesta-
tions and finds the capacity in the nonfading, symmetric case [T57]. Somekh et al. extended
this result to the flat fading case and demonstrated that out-of-cell interference can be com-
pletely eliminated by joint processing [T46]. Both of these works assume that the “backhaul
capacity” from each cell-site to the remote central processor (RCP) is infinite. For most
networks, this assumption may not hold; however, it does establish a promising target for
the limited backhaul case. Recent work by Sanderovich et al. gave an achievable strategy
based on compress-and-forward (also known as estimate-and-forward [33]) and decode-and-
forward for the limited backhaul case [T31]. They also showed that compress-and-forward
carries an additional benefit: basestations can be oblivious to the codebooks of neighboring
cell-sites. An overview of this work can be found in [I38]. Marsch and Fettweis have also
recently extended this strategy to include superposition coding [97].

We will use lattice computation codes to allow the cell-sites to decode equations of code-
words and forward these to the RCP, which, given a full rank system of such equations,
can recover the original messagesﬂ This strategy strikes a balance between noise removal
at the basestations and joint decoding at the RCP. Recall that in compute-and-forward,
each receiver decodes an equation with integer coefficients that approximate the channel
coefficients. The remainder from this integer approximation acts like additional noise at the
receiver. Here, we will use superposition to reduce this approximation penalty for Wyner’s
cellular model. In our scheme, every other user employs some of its power towards a pri-
vate message. By changing the power allocation, we can effectively steer the interference
parameter to increase the compute-and-forward rate.

!The material in this section originally appeared in [TT1].
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Wo, Wi, ..., Wy

t t t t t t
wpr—1 wpm wo w1y w2 ws
Figure 5.1: Idealized cellular uplink network from users to cell-sites to the remote central processor
(RCP).

5.1.1 Problem Statement: Wyner’s Cellular Model

We will focus on the model introduced by Sanderovich, Somekh and Shamai in [T31] (see
Figure B.Jl) which is a variation on the classical Wyner model [157]. Consider an idealized
cellular uplink network where M cell-sites are equally spaced on a circle. We assume that
only one user is active in a cell per time slot and that cell-sites only see interference from a
neighboring cells’ users. The users are given n channel uses to reliably convey their messages.
The complex signal X,,[i] is transmitted by the m™ user at time i and is power-limited in
the usual way, = >°" | |X,,[i]|* < P. The signal seen by the m™ cell-site at time i is:

Yould] = Xon[1] + (X, [1] + Xpma)o, [2]) + Zimd]

where [m]y; = m mod M, a € [0,1] is the inter-cell interference level, and Z,,[i] is i.i.d.
CN (0, N) noise. For notational convenience, we set SNR = % to be the signal-to-noise ratio
per user. Unlike the Wyner model, where unlimited backhaul is available, in the Sanderovich
et al. model we use here, the cell-sites have a lossless backhaul link to the RCP with rate
B bits per channel use [T31]. We focus on the symmetric case where each user targets the
same rate.

Each user is equipped with an encoding function, &,, : {1,2,...,2"*} that maps its
messages w,, into channel input X. Each cell-site has a relaying function, R,, : C* —
{1,2,...,2"B}  that it uses to communicate its observation ¥,* to the RCP. The RCP has
a decoding function, D : {1,2,...,2"B3M — {1 2 . 2"M 6 make estimates 10, of the
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original messages. We say that a per user rate R is achievable if each user’s message can be
decoded by the RCP with vanishing probability of error (in the blocklength n).
In matrix form, the channel from users to cell-sites is:

1 ifl=m,
H:{hmg}, hmg: o 1f€:[m—i—1]M or [m—l]M,

0 otherwise.

5.1.2 Upper Bound: Cut-Set

We will use a simple cut-set bound to upper bound the capacity. Since we are only interested
in symmetric rate tuples and the channel is symmetric, the sum rate is upper bounded by
the dominant cut set bound. Recall that for a MIMO channel with independent (and equal
power) channel inputs the capacity is given by:

Cymio = logdet (I + SNR HH™) (5.1)

where H* denotes the Hermetian transpose of H [I51]. Clearly, the rate of information flow
between the cell-sites and the RCP is upper bounded by M B. Also, if the cell-sites could
cooperate freely, then the channel from the users becomes a MIMO channel. Thus, our
cut-set bound is the minimum between Cyo and M B, normalized by the number of users:

1
Cypppr = Min (B, U log det (I 4+ SNR HH*)) (5.2)

This upper bound reveals two potential information bottlenecks. One is the MIMO
behavior of the channel and the other is the finite backhaul. An ideal scheme for this
problem will cope with both bottlenecks simultaneously.

For the special circularly symmetric matrix at hand, Wyner showed in [T57] that as M
tends to infinity we get:

1
Cyumo = / log (1 + SNR(1 + 2« cos 2m)?) df. (5.3)
0

5.1.3 Classical Random Coding Strategies

We now review the performance of two known strategies, compress-and-forward (CF) and
decode-and-forward (DF).
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5.1.3.1 Compress-and-Forward

Sanderovich et al. showed in [T31] that compress-and-forward achieves the following rate per
user:

1 : —r x
R = U Iél??zgﬁl,,lffm (|I|(B — 1) + logdet (I4+ SNR(1 — 2 )HchIc)) (5.4)

where Hzc is the submatrix of H that includes only rows in the subset Z¢ (which is the
complement of the subset 7). This rate in the asymptotic case, where M — oo is [T31]:

Rep = F(r*) where r* is the solution of F(r*) = B —r*,

1
F(r) = / log (1 +SNR(1 —27")(1 + 2ccos 27)?) d6.
0

The approach of [I31] is oblivious in terms of assuming no decoding at cell-sites and is
optimal if B or SNR tends to infinity. As B tends to infinity, the rate converges to the
infinite backhaul capacity case given by Equation (E3). As SNR tends to infinity, this rate
converges to B. For moderate SNR and B, compress-and-forward roughly follows the outer
cut-set bound (with «) but never touches it. This gap from the outer bound occurs since
the scheme forwards the entire channel output, including the noise.

5.1.3.2 Decode-and-Forward

Sanderovich et al. also derive the performance of decode-and-forward in [[31]. For the
no fading case, the channel to each cell-site is equivalent to a three input multiple-access
channel, so that the decode-and-forward rate is:

SNR
R, = min (% log (1 + 2a°SNR), % log (1+ (1+ 2a2)SNR)> (5.6)
Rpr = min (max (R1, Rs), B) (5.7)

Ry models decoding when the other signals are treated as noise, while o assumes full reliable
decoding of all three data streams received at the cell-site. Note that there is no joint
processing gain. When the backhaul capacity B is small compared to the rates between the
users and the cell-sites, or when the interference level is low, decode-and-forward is optimal.
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5.1.4 Compute-and-Forward

Each cell-site sees a linear combination of its user’s transmission as well as the transmissions
of two neighboring users plus noise. Using the lattice compute-and-forward strategy from
Chapter @, we can remove the noise and send the error-free linear combination of codewords
to the RCP. If the RCP can collect enough linear equations to form a full rank system, it
can recover the original messages.

Due to the symmetry in the inter-cell interference, we can have each cell-site use the
same recovery coefficients for its linear function and guarantee that the resulting matrix is
full rank. We choose our integer decoding coefficients a,,, to match the structure of the
channel coefficients:

bl 1f£:m,
Ame — bg ifﬁz[m+1]M0r [m—l]M,

0 otherwise.

where by, by € Z, by # 0. The diagonal structure of the channel matrix guarantees the full
rank condition.

Theorem 22. The following rate per user is achievable with backhaul rate B using the
compute-and-forward strategy:

R = min(Rcopp, B) (5.8)
SNR(bl + 2@62)2
_ _ 2 2
Boour = max, —log (bl 20~ TTSNR( 1 207) (5:9)
A= {(b1,b) : by,by € Z, by # 0,07 + 2b3 < 1+ SNR(1 + 2a?%)}. (5.10)

The restriction of b; and by to A makes it possible to evaluate the rate expression exactly
since A is a finite set. Note that all (by, by) pairs outside A trivially give zero rate by Lemma
Ini

In Figure B2 we plot the performance of Theorem 22 against the interference strength
a € [0,1] in the infinite backhaul case, B = oco. We also plot the upper bound from (E3])
and the decode-and-forward achievable rate from (&1). (Note that since the backhaul rate
is infinite, the compress-and-forward rate matches the upper bound.) Each plot is for a fixed
value of SNR from 5dB at the top to 10, 20 and finally 40dB at the bottom. As we increase
the SNR, the size of A increases and we can do a better job of approximating a with %
When « is exactly captured by the rational approximation %, the compute-and-forward rate
is at a local maximum. Conversely, when « is poorly captured, the compute-and-forward is
at a local minimum. This means that at higher values of SNR, the performance fluctuates
more with . This behavior is somewhat surprising as decode-and-forward, compress-and-
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Figure 5.2: Compute-and-forward performance at SNR = 5,10, 20,40dB (left) along with the
approximation of « by integer decoding coefficients b; and by (right).
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forward, and the upper bound are much smoother with «. Next, we develop a superposition
strategy that can smooth out these fluctuations to a degree and achieve higher rates.

Remark 25. From Figure B2, it seems as if compute-and-forward approaches the upper
bound as the SNR increases for a = % It would be interesting to prove that it does indeed
meet the inner bound exactly as SNR — oc.

5.1.5 Superposition Strategy

While the compute-and-forward performance in Figure is promising, the significant vari-
ations due to integer effects do not seem fundamental to the problem. That is, the rate
should not sharply degrade with only a small change in . We now develop a superposition
strategy that decreases the effective interference seen by the even users and increases the ef-
fective interference seen by the odd users. With this strategy, we can avoid the local minima
in a.. Usually, superposition coding is used to provide different messages (or rates) to users
of varying quality. Here, we are using superposition to adjust the interference structure
of the problem itself. The resulting performance boost to compute-and-forward is a new
phenomenon: traditional strategies would not benefit at all from such a scheme.

Our strategy is a special case of Theorem PlI. Each odd-numbered user is allocated power
v P for its two lattice codewords (one for the real part of the channel and the other for the
imaginary part) for some v € [0,1]. Each even-numbered user will use power (1 + §)P for
its lattice codewords where 6 € [0,1 — v] and power (1 — v — )P for the superimposed
codewords. In the language of Theorem PO, this translates to:

_J0 if £ is odd, (5.11)
veA = vV1—v—46 if fis even. '
N4 if ¢ is odd,
— 5.12
ves {\/1 + 4§ if £ is even. ( )

Note that the even users utilize more power than the odd users. To satisfy the power
constraint, we run the scheme in this fashion for half the channel uses and then switch the
role of the odd and even users.

The even-numbered cell-sites always decode the superimposed codeword a,, = ¢, (at
rate RE). Upon successful decoding, they cancel out X,,4 and use the standard compute-
and-forward strategy on the resulting channel output (at rate RE). The effective channel
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gains for compute-and-forward after this successive cancellation step are:

RV N if £ =[m+ 1]y or [m — 1]y,

0 otherwise.

The odd-numbered cell-sites either decode and remove both superimposed messages from
their two neighbors (at rate RY?) or treat them as additional noise. They then use compute-
and-forward on the output (at rate REC or rate RL?) which has the following effective channel
coefficients:

N it ¢ =m,
%EéD: Oz\/m jff:[m—}—l]M or [m_l]Ma
0 otherwise.

The odd and even cell-sites need to maximize over integer coefficients to best fit the channel
as before.
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Theorem 23. The following rate is achievable using the superposition strateqy as M — oo:

R = min <max max max (RD, RI), C’)
vel0,1] 6€[0,1—v]

A= {(bl,bg) by € Z, by £ 0,02+ 202 < 1 +SNR(1+2a2)(1+5)}

D . (R§ Rg° : E DO
R” =min [ =, —— | +min | max R;, max R&
2 2 by,baeA b1,baeA

SNR(1 — v — §)
14+ SNR(1 + 6 + 2a2v)

oo (14 20°SNR(1 — v — §)
1+ SNR(v + 2a2(1+9))

g
2 -1
R — log ((bf o SNR(vI T 0by + 20/vby) ) )

1+ SNR(1 + 6 + 2a2v)
SNR(y/wbi + 2av/1 + 552)2) ‘1>

1+ SNR(v + 2a2(1 — v))

RE ,
R' =% t min{ max RE, max R
2 b1,b2EA b1,b2€A

SNR(y/wb; + 2a/T + 0b3)2\
10 __ 2 2
He” = log <<b1 20 = TTSNR( 1 20201 = 0))

where RE is the rate at which the even cell-sites can recover the superimposed message,
RE© is the rate at which the odd cell-sites can recover the superimposed message, RE is the
compute-and-forward rate for the even cell-sites, REC is the compute-and-forward rate for
the odd cell-sites when they first decode the superimposed message, and RL? is the compute-
and-forward rate for the odd cell-sites when they ignore the superimposed message as noise.

Remark 26. Assume that the first and last transmitter are inactive. It can then be shown
that through a filterbank argument we can solve for the original messages from the odd
and even equations so long as b; # 0 for both equations [T02]. By a timesharing argument,
we can thus achieve % of the desired rate and, as M — oo, we can achieve the rate in
Theorem 23 If we add a full rank requirement to the theorem statement, then we can give

achievable rates at finite M as well.

In Figure E23, we plot the performance of the superposition compute-and-forward strategy
at 25dB with infinite backhaul capacity, B = oo, versus the regular compute-and-forward
strategy, decode-and-forward, and the upper bound in (B3)). As discussed earlier, the basic
compute-and-forward strategy varies significantly with a with local minima at values of «
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A DF

Rate per User (bits per channel use)

Figure 5.3: SNR = 25dB. Achievable rates per user as a function of the inter-cell interference
levels «, for infinite backhaul capacity. In this case, compress-and-forward matches the upper
bound.

that are hard to approximate with small integers. The superposition strategy does a good
job of filling in these “valleys” and has higher rates for the middle range of «.

5.1.6 Performance Comparisons

We now compare the rates achieved by the superposition strategy, compute-and-forward,
decode-and-forward, and compress-and-forward in the asymptotic M — oo regime with finite
backhaul rate B. In Figure B4l we have plotted these schemes for three different values
of SNR and B. For most of the range of «, superposition compute-and-forward achieves
the highest rate. Note that if we were to rely on regular compute-and-forward, the rate
“valleys” would often pull the performance below that achieved by compress-and-forward.
Also, observe that the performance of compute-and-forward matches that of decode-and-
forward for low values of . In this regime, the best equation to decode is the unit vector
which amounts to treating interference as noise.
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Figure 5.4: Rate per user for the upper bound, compress-and-forward, superposition compute-
and-forward, regular compute-and-forward, and decode-and-forward at SNR = 10dB, B = 2.5
(top), SNR = 15dB, B = 3.5 (middle), and SNR = 20dB, B = 4.5 (bottom).
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5.2 Slow Fading and Distributed MIMO

So far, we have considered fixed channel coefficients. Now, we demonstrate that our scheme
can be applied to the slow fading scenario, even if the transmitters do not know the channel
realization A Under a slow fading model, the channel matrix H is chosen according to some
probability distribution and then remains fixed for all time. As a result, we must accept some
probability that the rate used by the transmitters is above the maximum rate permitted for
those channel coefficients. For an achievable strategy with rate Rscupme(H) for fixed H,
this outage probability is given by:

pout(R) = Pu (Rscupme(H) < R) (5.13)

We can also characterize the performance of a given strategy by its outage rate:

ROUT(p) = sup{R . pOUT(R) < p}. (514)

We will now compare the outage performance of compute-and-forward to the performance
of classical relaying strategies over a simple network. First, it is useful to note that usually,
the exact choice of the coefficient vector at a relay is not important, so long as the resulting
equations can be solved for the desired messages. Thus, to maximize the performance of
our overall scheme, we should have each relay decode the equation that is available at the
highest rate.

Consider the two user distributed MIMO network in Figure B23 There are two sources,
two relays, and one destination. The relays see the transmitters through H whose entries
are i.i.d. Rayleigh. Each relay is given a bit pipe with rate B bits per channel use to
the destination. The destination would like to recover both message w; and wy at highest
possible symmetric outage rate. Recall that for a symmetric rate point to be achievable,
both transmitters must be able to communicate their messages with at least that rate. This
a model of multiple antennas that are not co-located with the receiver and thus have rate
constraints on communicating their observations. Several other groups have studied this
problem including [36} 130

The basic compute-and-forward strategy has each relay decode the equation with the
highest rate and pass that to the destination. If the equations received by the destination
are full rank, decoding is successful. Unfortunately, at low SNR, the probability that the
equations are not full rank is quite high as shown in Figure B8l One simple solution is to
force each relay to choose an equation with a,,,, # 0. This results in equations that are far
more likely to be solvable at the expense of slightly lower computation rates. The achievable
rates for these two strategies are given below and are plotted in Figure B7 for B = 2 and
outage probability p = 1/4.

2This section is drawn from [T08].
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X1 l Y1 C

X9 l Yo C

Figure 5.5: Two transmitters communicate to a distributed MIMO receiver with two antennas.
Each antenna has a rate C' bit pipe to the receiver.

A :{a e ZM al? <1+ ||h||2SNR} (5.15)
SNR |h? a,, |2 \ '
R = 1 . 2 mom
MAXm = Og( 2l = T SNR [, P
SNR |h* a,,|> \ '
R = 1 . 2 mom
Nzm = Og( lan ™ = T SNR 2
amm;éO
B, min,, R m) if A is full rank,
Reonp (H { n( min,, Ruax, i 1s'u ran (5.16)
otherwise.
min (B, min,, R m) if A is full rank,
Roompnz(H { N ' (5.17)
otherwise.

For decode-and-forward, we require that each relay is responsible for a single message. It
attempts to recover this message either by treating the other message as noise or decoding
both messages. The rate for this strategy is evaluated below and plotted in Figure 5.1 For
more details on decode-and-forward for multiple relays (as well as compress-and-forward and
cut-set upper bounds), see [79)].
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For our upper bound, we use a cut-set bound that either groups the relays with the sources
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Figure 5.6: Probability of rank failure for the 2-user distributed MIMO multiple-access channel
by having each relay decode the best equation and the best non-zero equation.
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or with the destination. This yields the following bound on the symmetric rate:

Rymvo (H) = min (log (1 + (Jh]® + \h21\2)SNR) ;
lOg (1 + (|h12|2 + |h22|2)SNR) s
1
5 log det (I + HH*SNR) )

Rupprr(H) = min(Ryivo (H), B)

(5.26)

(5.27)

Finally, we consider the performance of compress-and-forward with i.i.d. Gaussian code-
books. The variance of the channel observation at relay m is 1 + ||h,,||[?*SNR and we have to
compress this using B bits. At the destination, one can equivalently write this as a MIMO

channel with channel matrix Hep:

SNR(258 — 1)
25 4+ SNR||h,,, |2
. \/SNRCFJ 0
Her = 0 V/SNRcr s H

RCF(H) = min(RM[Mo(HCF), B)

SNRcp,m =

T >
’
’
3 1.5f )
=] '
9] )/
o
oc qr /'
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..g l' % X R
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(5.28)
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Figure 5.7: Symmetric outage rates for the 2-user distributed MIMO multiple-access channel with
i.i.d. Rayleigh fading only known at the receivers. Here, we set B = 2 and outage probability

p=1/4.
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From Figure B, we can see that compute-and-forward (with the best equation) outper-
forms all other strategies starting at approximately 8dB. It also saturates the bit pipes to the
destination at an SNR 5dB less than required for decode-and-forward. However, the gains
are not as dramatic as observed in Example [[1l. For non-integer coefficients, we can only
decode an integer combination and the remainder acts like additional noise. Despite this
penalty, compute-and-forward is the best strategy in the moderate SNR regime. Compress-
and-forward is a good strategy at low SNR but since it cannot saturate the bit pipe rate
B since it introduces quantization noise. Decode-and-forward suffers at high SNR since it
treats interference as noise.

Note that the encoding strategy for compute-and-forward does not depend on the choice
of equation coefficients at the relay. Therefore, one can obtain the maximum of the best equa-
tion rate and the best non-zero equation rate with the same strategy simply by disallowing
certain coefficients at the relays past an appropriate SNR.

Remark 27. Since the channel from the transmitters to the relays is essentially a 2-user
interference channel, it may be useful to have each transmitter send out a public and a
private message as in the Han-Kobayashi scheme [58]. Such a scheme might improve the
performance of both the decode-and-forward strategy and the compute-and-forward strategy
(by employing superposition as in Section ELH).

5.3 Multicasting over Multiple-Access Networks

Consider a single source that communicates to a single destination across a network of
relays connected by bit pipes. It is well known that for this unicast problem the capacity
is given by the max-flow min-cut theorem and is achievable by routing [A7; B0]. If the
source wants to multicast the same message to multiple destinations, then clearly the best
possible performance is upper bounded by the minimum over each unicast problem. As
shown by Ahlswede, Cai, Li, and Yeung, this upper bound is in fact the multicast capacity
and is achievable through network coding [B]. In network coding, each relay transmits a
function of its received packets, rather than simply routing them. This “mixing” of packets
turns out to be necessary as routing cannot achieve the multicast capacity for all wired
networks. Now, if we want to multicast a message over a wireless network, one approach is
to first transmit packets to the relays and then have them compute the required functions
for network coding. However, using the tools developed in Chapters B and Fl we can increase
our overall throughput by performing the network coding directly on the channel. This way
we do not have to fight the interference inherent to the physical layer and can instead turn
it to our advantage.

In this section, we look at relay networks connected together by noisy multiple-access
channels. For finite field channels, we will derive the multicast capacity and for AWGN
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channels, we will give an achievable rate that is a strict improvement over known Strategiesﬁ

5.3.0.1 Related Work

There has been considerable interest in using the physical layer for network coding. Bhadra,
Gupta, Shakkottai considered finite field networks with both broadcast and multiple-access
constraints and showed how to approach the multicast capacity as the field size tends to
infinity [T5]. In [164], Zhang, Liew, and Lam take a communications perspective and use
uncoded transmission to send mod-2 sums of bits over a multiple-access channel at lower bit
error rates than possible with separate transmissions. Katti, Gollakota, and Katabi simulated
a practical system that uses a clever scheme to add bits uses the phases of transmitted signals
6.

In concurrent work to our own, Narayanan, Wilson, and Sprintson, showed how to use
lattices for network coding over a two-way relay channel [I0T]. This was later extended by
Nam, Chung, and Lee to the case of unequal power constraints [99].

We also point to the work of Ratnakar and Kramer that examines networks with only
broadcast constraints and finds the capacity for deterministic channels [T26]. As in our
considerations, they find that it is not possible to treat channel coding and network coding
separately, as gains are possible through a joint design.

5.3.1 Problem Statement

A channel network is usually thought of as a graph where the vertices are the encoders
and decoders and the edges are the point-to-point channels with known capacities. For our

problem, we will need a bit more notation to cleanly represent both point-to-point channels
and MACs.

Definition 47. A multiple-access network, Gyac, consists of the following elements:

1. Vy: the encoder/decoder nodes of the network. Each node, v, has a unique label taken
from the positive integers, v € Z,, and consists of a decoding function g, , for each
incoming edge (v;,v) and an encoding function f,,, for each outgoing edge (v, vy).

2. v°: the source node. One element of Vy. The source transmits the message, w €

{1,2,...,2",
3. (vft,olt ... vf): the receiver nodes. Each one is an element of Vy and produces an

estimate of the transmitted message, w;.

4. Vvac: the MACs in the network. Each MAC, m, has a unique integer label, m € Z, .

3The results in this section originally appeared in [T05; [T06].
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5. Cyy: the directed point-to-point channels in the network. Each channel has a unique
integer label, cyn € Z,, and the labels of its inputs and output nodes are given by the
functions vy (cny) and vour(cyn) respectively.

6. Cna: the input edges from nodes to MACs. Each edge has a unique integer label,
¢y € Zoy, and the labels of its inputting node and destination MAC are given by the
functions vin(cnpr) and vour(cnar) respectively.

7. Cyn: the output edges from a MAC to a node. We assume that the output of a
given MAC is only observed by a single node. Each edge has a unique integer label,
cun € Zy, and the label of its MAC and destination node are given by the functions

uvin(epn) and vour(carn) respectively.

8. Xy,u,[1): the channel input on the edge (v, vx) at time i. The encoders are constrained
to only produce channel inputs from time ¢ = 1 to time i = n.

9. Yy, [i]: the channel output on the edge (v, vx) at time i.

We also assume that there are a finite number of nodes and channels in the network,
Vx| + [Vumac| + ICun| + [Can| + [Crrn| < o0.

Definition 48. A multicast rate, R, is achievable if Ve > 0 and n large enough there exist
encoding and decoding functions for the network such that the average probability of error
is less than e:

wf = fvé?(}/;)%)
Pr({w; Zw}U---U{wy #w}) <k, (5.31)

where w € {1,2,...,2"%} and Y, represents all the channel outputs observed by the ("
. 2
receiver.

Definition 49. The multicast capacity is the supremum of all achievable multicast rates.

Definition 50. A point-to-point network, Gpoint = (Vn,Cnn), is just a multiple-access
network without any multiple-access nodes, Vaiac = Cyar = Cuny = 0.

Definition 51. A wunit bit pipe network, Gprpg = (V,C), is just a point-to-point network
except all of the channels, C, are taken to be noiseless bit pipes with unit capacity. The
encoding/decoding nodes are given by the set V.

Our scheme will give achievable rates for multiple-access networks comprised of either
discrete linear or Gaussian MACs. We express the achievable rate through a new point-to-
point network that results from an appropriate transformation of our original network. The
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achievable rate is then given by the multicast capacity of the point-to-point network. We
will also demonstrate that in some cases our achievable rates coincide with the simple upper
bound due to the max-flow min-cut theorem of Ford and Fulkerson [45.

We now briefly review some results for multicasting over point-to-point channel networks
using linear codes. In [84] and [76], it was shown that linear encoding and decoding over
a finite field is sufficient to achieve the multicast capacity. Bounds are also given on the
required field size. It was independently and concurrently shown by Ho et al. in [60], Jaggi
et al. in [66], and Sanders et al. [I32] that the field size only needs to be larger than the
number of receivers. We reproduce the version from [60] below as it will be useful to us in
proving our main theorems.

Definition 52. Let Gpipg = (V,C) and let F,, be a finite field of size q. An algebraic network
code is a set of linear functions for a unit bit pipe network. Specifically, the encoding function
from node v; to node vy is constrained to be a linear function of its observations from each
incoming edge:

ijvk [Z] = Z Aoy Y;)T-vj [Z] . (532)

where Y, ., [i] is the value seen by node v; at time ¢ on the incoming edge from node v, and
Yo, (1], v,y € Fy for all v, € V.

Lemma 17 (Ho et al.). Let G = (V,C) be a unit bit pipe network with a single source and L
receivers. The multicast capacity is given by the maz-flow min-cut bound and can be achieved
by an algebraic network code over any finite field larger than L (F,, ¢ > L).

For a full proof, see [61]. This result can be easily extended to point-to-point networks
as shown below.

Lemma 18. The multicast capacity of any point-to-point channel network with a single
source and L receivers, Gpont = (Vn,Cnn ), is achievable by combining point-to-point chan-
nel codes with an algebraic network code with field size larger than L.

Proof. Let the capacity of each channel cyy € Cyn be given by R(cyy). Choose capacity-
achieving codes for each channel such that with probability 1 — % we get a noiseless
5

channel with rate R(cyy) = R(cny) — seen]- Now choose 7 > 0 such that:

A ]%(CNN) 5
S (R<CNN> ﬂ g J) < 2 5

Create a v bit pipe network, Gpipg = (V, ), where the nodes are the same as in GpoinT,
LR(CNN)J
—

Y = Vy. For each channel cyy € Cyy with capacity R(CNN) in GpomnT, place
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noise-free channels with capacity v in the bit pipe network with the same connectivity.
Since all channels in Gprpg have the same capacity, we are free to generate an algebraic code
that achieves the multicast capacity using Lemma [[1. This algebraic code is sent over the
channels in Gpont using the channel codes chosen above and a timesharing approach. For
instance, for a channel with capacity R(cyy), we consider the n total channel uses in chunks

-1
of (LMJ) n. Each of these chunks can be used to send yn bits reliably and thus can

be used to send one function. Over all cuts in the max-flow min-cut characterization, the
largest reduction in rate is at most % (due to the gap to capacity). Considering the channels
only in units of v also causes at most a g rate reduction over the worst possible cut. Thus,
as 6 — 0, we can approach the multicast capacity. O

Now we will use computation codes to map an algebraic network code onto multiple-
access channels in the network. We first explore two examples that are a variant of the
butterfly network given in []. Then, we state our theorems on multicasting over general
finite field and AWGN multiple-access networks.

5.3.2 Motivating Examples

We will focus on two variants of the butterfly network from [4, Figure 7] to demonstrate our
coding idea. First, we review the network coding scheme for the original butterfly network
which is depicted in Figure 28 The goal is for the source node (at the top of the graph)
to send two bits a and b to the two receiver nodes (at the bottom of the graph). Each edge
is a bit pipe with unit capacity. It can be checked that there is no routing assignment that
allows both receivers to recover both bits. However, by computing the mod-2 sum of the
bits and sending this down the center path, both receivers can infer both bits. Thus, some
form of network coding is necessary to achieve the multicast capacity of networks.

In our examples, we will put a multiple-access channel in the center path and use com-
putation codes to transmit the sum of the bits to the receiver. The first example considers
the binary alphabet case and the second looks at the Gaussian case.

5.3.2.1 Mod-2 Adder MAC

Consider the channel network in Figure BE9(a). Each vertex on the graph represents a
decoder /encoder pair. The sender is at the top of the graph and the two receivers are at the
bottom. The labeled edges represent noiseless bit pipes each with capacity C. At the center
of the graph is a MAC with inputs X; (from the left) and X, (from the right) and output
Y = X, ® Xy ® Z where Z is an i.i.d. Bernoulli(p) sequence. Note that the sum rate of this
MAC is upper bounded by 1 — hp(p).
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Figure 5.8: Butterfly network introduced by Ahlswede et al.. The multicast capacity of this
network is not achievable through routing but is achievable through network coding.

Theorem 24. For the channel graph from Figure [ (a) the multicast capacity is:
R =B+ min(B,1— hg(p)) (5.34)

Proof. (Converse.) Applying the cutset bound gives that the rate to each receiver is upper
bounded by:

R < B+ min(B,1— hg(p)) (5.35)

(Achievability.) We have a block w of n(B 4 min (B, 1 — hg(p))) bits to transmit to both
receivers. We will break up w in two ways. For the first, we write w = [wy; wis] where
the first chunk is of length nB and the second is of length n(min (B,1 — hg(p))). For the
second, we write w = [Wy; Woo| where the first chunk is of length n(min (B,1 — hp(p))) and
the second is of length nB. We transmit wy; down the left path and ws, down the right
path. From wy; we automatically know wy; and from wgs we know wy,. We send the mod-2
sum u = wy; 6 Wiy reliably across the MAC using the linear code from Theorem B. Finally,
this mod-2 sum is conveyed to the receivers. The left receiver can compute wis = u @ wy;
and the right receiver can compute wo; = u @ wys to fully recover w. OJ

Standard random coding arguments cannot attain the optimal performance over the
network in Figure B9 (a). The decode-and-forward and compress-and-forward rates are
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Figure 5.9: (a) Binary multiple-access variant of the butterfly network. The MAC in the center is
a noisy mod-2 adder with i.i.d. Bernoulli(p) noise Z (b) Using a linear code, we can achieve the
multicast capacity of the MAC butterfly network which is equivalent to the multicast capacity of
this transformed network. Here, Rcoup = 1 — hp(p). (c) With a decode-and-forward strategy,
we can only achieve rates on the original network that are achievable on this network. Here,

Roe = %(1 — hs(p))

given by:
Rpr = B+ min <B, %}3(@) (5.36)
Ree = B+ min (B(1 — hp(p)), (1 — hs(p))) (5.37)

If the capacity B of the point-to-point links is small enough, then fully decoding the input
messages to the MAC is sufficient. If the capacity B is large enough, forwarding the output
of the MAC is sufficient. However, in the intermediate regime, structured codes outperform
both strategies.

We can think about our compute-and-forward strategy as transforming the multiple-
access network into an equivalent point-to-point network. The multiple-access channel is
replaced with a relay node with incoming and outgoing edge capacities given by the com-
putation rate (see Figure B9 (b)). Usually, we try to convert interference networks into
point-to-point equivalents by decoding individual messages (see Figure 9 (c)). This results
in direct links across the multiple-access channel but with lower rates which results in a lower
overall throughput.
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5.3.2.2 Gaussian MAC

Consider the AWGN channel network in Figure[2.10 (a). Each vertex on the graph represents
a decoder/encoder pair. The sender is at the top of the graph and the two receivers are at the
bottom. We assume that all channel inputs and outputs are real-valued and that all encoders
must satisfy an average power constraint, + = T i 2 < P. The Z,,, m=1,2,...,7 are
drawn i.i.d. according to a Gaussian dlstrlbutlon with mean 0 and variance .

Figure 5.10: (a) Gaussian multiple-access variant of the butterfly network. (b) Using a lattice-
based code, we can achieve any rate on the MAC butterfly network that is achievable on this
transformed network. Here, Rcoue = max (ilog (1 + %),%log (% + %)) where P is the per
user power of the MAC. (c) With a decode-and-forward strategy, we can only achieve rates on
this network where Ry = ilog (1 + %)

Theorem 25. The following multicast rate is achievable on the channel network in Figure

BT0(a):
1 P 1 2P\ 1 1 P
— - = 1 ) Clog (=4 = .
R 210g<1+N>+maX<4 og<1+N),2log<2+N>) (5.38)

Proof. Let w € IF'; be the message vector where p is a prime. Using Corollary B, we can
reliably send the sum of messages over the AWGN multiple-access channel at a rate of:

MP = “log (142 ), 2log =+ =] ). .
RCO P max (4 og ( N ), 5 0og (2 N)) (5 39)
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The first term in the maximization comes from decoding the messages separately using
coefficient vectors a = [1 0]7 and a = [0 1] combined with time-sharing and adding them
together. The second term comes from directly decoding the sum using coefficient vector
a = [1 1]7. We split the message into three pieces w = [w; wy w3 such that the first two
pieces correspond to rate Rconp and the last piece corresponds to rate % log (1 + %) —Rcowmp-
We send w; and w3 down the left path and wy and w3 down the right path. We transmit
the sum of w; and wy over the multiple-access channel and onto the receivers. Now, the
left receiver has wy, w3 and w; & wy from it can recover the messages. Similarly, the right
receiver has wy, wg and wy @ wy and can decode as well. OJ

As in the discrete case, random coding arguments will not suffice for attaining this
performance. The encoder following the MAC either decodes the messages in their entirety
or quantizes the observed signal and forwards it. Below we give the best achievable rates for
decode-and-forward and compress-and-forward with Gaussian codebooks:

1 P 1 2P
RDF—ilog <1+N) +Zlog <1+W)

1 P 1 P P
RCF—ilog <1—|—N> —|—§10g <1—|—N(m>)

Note that for this example, compress-and-forward and amplify-and-forward yield the same
performance.

Again, we can view our strategy as a network transformation as shown in Figure B.10
(b). As before, decoding the messages individually results in a different network topology
with a lower end-to-end throughput.

5.3.3 General Networks

We now give two multicasting results for multiple-access networks. First, we give the mul-
ticast capacity for when the MACs are constrained to be noisy linear functions over a finite
field. Second, we give achievable rates for any Gaussian multiple-access network.

Our results can be viewed as a transformation of the original multiple-access network
into a point-to-point network (see Figure BI1l). Any multicast rate that is achievable on the
point-to-point network is achievable on the original network. For the finite field case, this
will yield the multicast capacity and, for the Gaussian case, this is a strict improvement over
known strategies.

Definition 53. Let Gyac be a Gaussian multiple-access network. An equivalent point-
to-point network, G’ = (V',£’), is constructed from the original network by the following
steps:
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Figure 5.11: Using computation codes, we can convert every MAC in a network into a reliable

Multiple-Access Network

Computation
Code

DR} / [ >uwr
Equivalent

Point-to-Point Network

linear relay with incoming and outgoing rate links given by the computation rate.

e Let the set of encoder/decoder nodes, V', in the new network be given by the original

encoder/decoder nodes as well as the original MACs, V' = Vy U Vyac.

e Let the channels in the new network, C’, be given by the original point-to-point channels
as well as the input and output edges to the MACs, C' = Cyny UCny UCphrny. The

connectivity of these edges is the same as in the original network.

e Set the capacities of the edges taken from Cyj; and Cysn to be the computation rates

of the associated MACs for sending the sum of the inputs, Rcomp(m).
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5.3.3.1 Finite Field Multiple-Access Networks

We assume all of the MACs in our channel network Gyac are linear with respect to F), for
some field size p € Z; (see Definition ). Each MAC in the network m € Vyac has a
maximum sum rate Rsym(m) (see Definition [[H).

Theorem 26. The max-flow min-cut bound for multicasting is achievable for a finite field
multiple-access network, Gyac, if ¢ > L, where q is the MAC field size and L is the number
of receivers in the network.

Proof. (Achievability.) First, we will transform our network of noisy MACs and point-to-
point channels, Gyac, into an equivalent point-to-point network, G, using Definition B3 We
will then find an appropriate algebraic network code which we will map back to the original
network using computation coding. Note that for finite-field multiple-access channels the
computation rate Rcomp is equal to the maximum sum rate Ryax.

The new point-to-point network, G’ has the same max-flow min-cut characterization as
our original network, Gyac. Choose € > 0 and let R = C'—e where C' is the multicast capacity
of G’. Using Lemma [[§, we can find a set of channel codes and an algebraic network code
over the field F, that achieves a multicast rate R over G’ with an error probability less than
5- We now map this strategy back to the multiple-access network Gyiac. Recall that in the
proof of Lemma [[8 we treat a link with capacity B as L%j separate links (with the same
connectivity) each with capacity . This results in a 7 bit pipe network for which we can find
an algebraic network code and, by choosing v small enough, we can approach the multicast
capacity of the point-to-point network.

Each MAC m € V\ac in the original network is replaced with a node in the transformed
network. If the maximum sum rate of the MAC is Rsyy(m), then we have LMJ outgoing
links in the v bit pipe network. Each of these outgoing links carries a linear function of the
incoming links to the node. On the original MAC, we duplicate these linear functions using

a computation code from Theorem B with probability of error no greater than m Each
function is allocated Lmjn channel uses. For the point-to-point channels, we use the

same encoding and decoding as in G’. Thus, we can achieve any multicast rate on the original
network that is achievable on the transformed network.

(Conwverse.) Since our network transformation can only increase the multicast capacity
of the network and we can achieve any rate less than the transformed capacity, we get that
our scheme meets the max-flow min-cut bound. O

The network transformation performed above is not accessible using standard random
coding arguments. To duplicate the same topology, to each node m € V' that represents
a MAC, we could only provide a total rate of Ryax(m) to all incoming links. Using a
computation code, each incoming link receives a rate of Ryax(m) all to itself.
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5.3.3.2 Gaussian Multiple-Access Networks

We now assume that all channels are either AWGN point-to-point channels or Gaussian
MACs (with inputs and outputs over the reals). We further assume each user faces an
identical power constraint and that the channel quality is controlled by the noise variance
N, € Ry.

More formally, all channels in our channel network Gyac are constrained to be of the form
Y, =X1+Xo+... X+ Z, where Z,, is an i.i.d. Gaussian sequence of mean 0 and variance
N, Furthermore, the X; must satisfy power constraints of the form = 7" | (x;[i])? < P.

Theorem 27. Let Gyac be a Gaussian multiple-access network. Any multicast rate achiev-
able on the equivalent point-to-point network is achievable on the original network for the
following computation rate:

1 P
Recomp = = log (— + —) (540)

where N,, is the noise variance of the MAC m associated to these edges in the original
network and J,, is the number of inputs to these MACs.

Proof. The proof is nearly identical to that of Theorem BPO. First, we find the equivalent
point-to-point network using Definition B3 and find a multicast capacity-achieving algebraic
network code with field size p. Next, we use computation codes for each MAC using Corollary
with coefficient vector a = [1 1 --- 1]7. We then map the linear functions from the
appropriate node in V' onto the MAC. Note that although the computation code is targeted
at the sum but we can simply pre-multiply by the desired coefficient at each transmitter to
replicate the network code. O

Using a purely random code, we can also achieve the same network transformation but
only with a lower computation rate given by:

1 I P

In general, higher rates are possible through a more involved network transformation.
Rather than simply associating the computation rate in (540) with each incoming link, we
can allow for any coefficient vector and only connect those incoming links with non-zero
coefficients. This strategy, combined with time-sharing and successive cancellation, allows
us to recover the usual solution (which allocates rates according to the multiple-access rate
region) as well as the performance in Theorem 7 Thus, our approach results in higher
rates than those possible with the classical random coding approach. Unlike the finite field
case, we are unable to reach the multicast capacity partly because our computation codes
for AWGN channels do not meet the upper bound.
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It is also possible to use the compute-and-forward strategy for network coding over
AWGN networks with fading and broadcast constraints. However, these generalizations
are cumbersome and do not yield any additional insight as they are just achievable strate-
gies. In the next section, we give an example of wireless network coding over a two-way relay
channel.

5.4 Wireless Network Coding

As shown by [61], linear network coding lends itself to a distributed, random implementation
in which nodes evaluate random linear combinations of incoming packets and send them
along. For a sufficiently large field size, this strategy achieves the multicast capacity of
bit pipe networks. To apply it to a wireless network, we need a physical layer interface to
communicate between transmitters and receivers. Compute-and-forward provides an ideal
interface for linear network coding as it can make the interference part of the network code.
Rather than choosing the network coding coefficients according to a uniform distribution [61],
we choose the coefficients to closely match the channel realization. This allows the relay to
operate at higher computation rates and, as a result, increases the end-to-end performance
of the overall network code.

Another possibility is to directly use the noisy linear combinations provided by the chan-
nel as an “analog network code” [T64: [68]. This is essentially an amplify-and-forward strategy
and works well at high SNR. However, over a large network, noise can build up and lower
the overall performance. We will compare our compute-and-forward strategy to amplify-
and-forward as well as decode-and-forward through an example.

For our example, we use a slight modification of the well-studied two-way relay network
[T64; 68, [TT5; T0T; @9]. In the usual considerations, two users want to exchange messages
through a relay that sees a noisy combination of their signals. The relay can communicate to
the users through a broadcast channel and the goal is to maximize the symmetric rate. It is
well-known that for the Gaussian two-way relay channel case without fading, nested lattice
codes rapidly approach the upper bound as the SNR increases [TOT; 99]. Here, we consider a
two-way relay channel with i.i.d. Rayleigh fading on all links (see Figure EET2). We assume
that the channel coefficients are only known at the receiving end and evaluate the outage
performance as in Section B2 The two users have power constraint SNR and the relay has
power constraint SNRpc.

The multicast rate from the relay to two users for a given channel realization is just the
minimum of the two point-to-point rates:

Rrsc = log (1 -+ (min(|hs %, |14 [*))SNRpc ). (5.42)

For compute-and-forward, we can guarantee that each user can solve for its desired message
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Figure 5.12: Two-way relay channel with fading. Two users exchange messages with the help of
an intermediate relay.

by decoding a message with non-zero coefficients at the relay. We also let the relay perform
successive cancellation to recover the messages individually. This allows it to access the
corner points of the multiple-access region. For each channel realization, the relay selects

the strategy that results in the highest symmetric rate.

SNR |hiag)2 \
Ry — 1 2 SNR anf”
Nz m$$29g<<mh” 1+ SNR|hy |2

. |h11|?SNR
corner,1 — 1 1 T 1 enio |
Beomen Hml(og( T 1 [h 2SR
kg(1+¢hmPSNR))

, Ih1a|2SNR
corner,2 — 1 1 T L locnb |
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RCOMP(H) = min <RBC7 max (RN27 Rcorner,b Rcorner,Z))

The relay is required to recover both message for decode-and-forward and the rate is
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simply the maximum symmetric rate in the multiple-access capacity region.

Rdecodc = min (10g (1 + ‘h11|2SNR) )
lOg (]_ + |h12|2SNR) s

1
3 log (1 + |/hy[|*SNR) ) (5.43)
RDF(H) = min (RBCa Rdecode) (544)

The amplify-and-forward scheme has the relay scale its observation to meet the power
constraint and retransmit.

2
Rr(H) = min (log (1 o _ Ih12hs|"SNR SNRgc ) |

1+ [/ |[2SNR =+ [A32SNRc

|71 ha) 2SNR SNRpc ))
1+ [/ |[2SNR =+ [A4[2SNRc

log (1 +

Finally, since we are only interested in the symmetric rate, the upper bound is just the
minimum over all channel strengths.

Rupper(H) = min (RBC7 log (1 + \h11|2SNR) ,
log (1 + |h12|*SNR) ) (5.45)

In Figure B.T3, we plot the performance of these schemes for SNRgc = 25NR and outage
probability p = 1/3. Note that here there is no possibility of rank failure for compute-and-
forward and it is always at least as good as decode-and-forward. However, unlike the no
fading case, compute-and-forward does not approach the upper bound as the SNR increases.
In fact, past a certain SNR (in this case 25dB), compress-and-forward is the best strategy.
This is primarily due to the noise penalty for decoding an integer combination from non-
integer channel coefficients. For the no fading case, the channels coefficients are assumed to
be unity and this penalty does not appear.

The basic insight is that, for certain network topologies, the non-integer penalty can
become significant. This penalty can be managed in several ways, including:

e Adjusting the channel at the transmitters if channel state information is available.

e Using multiple antennas at the relay to steer the coefficients towards integers [163)].

114



Chapter 5. Communication Network Applications

4r - = = Upper Bound
4

= 350 —— Compute—and—Forward
5 3.
A Decode-and-Forward k2
?g 3r X Amplify—and-Forward X
Q
= 250 X
o
S of
&
=1
O 15+

5 10 15 20 25
SNRin dB

Figure 5.13: Outage rate per user for the two way relay channel with i.i.d. Rayleigh fading only
known at the receivers. Here, we set SNRgc = 2SNR and outage probability p = 1/3.

e Selecting transmitters opportunistically based on how close their coefficients are to
integers.

However, despite the non-integer penalty, compute-and-forward offers a strict improve-
ment over classical strategies for reliably recovering equations over a finite field. This, com-
bined with the fact that amplify-and-forward requires fairly high values of SNR to overcome
noise build-up, makes compute-and-forward a promising strategy for physical-layer network
coding for multi-hop networks.
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Distributed Signal Processing
Applications

In many sensor network applications, only certain functions of the sensor readings may
be of interest. These functions may be thought of as sufficient statistics for the detection
or estimation problem task at hand. For example, if the sensors each measure the local
temperature, we may only want the average temperature, for which the sufficient statistic
is the sum of the measurements. One way to compute these sufficient statistics is to first
send all of the observed data to a fusion center. As we have seen in previous chapters, we
can often compute more efficiently by exploiting the natural function of the channel using a
computation code.

If the sensor observations and the desired function take values on a finite set, then we can
simply employ the techniques developed in ChaptersBand@. However, for continuous-valued
observations and functions, we need new tools. Unlike in the discrete case, where functions
can be reliably recovered, here we will have to tolerate some distortion. In this chapter,
we develop a computation code for sending the sum of Gaussian sources over a Gaussian
multiple-access channel. We then explore an application to a simple sensor network scenario
first studied by Gastpar and Vetterli [54].

We also apply our tools to construct a new gossip algorithm for distributed averaging.
The standard gossip algorithm computes pairwise averages between sensors until all sensors
converge to the global average. This process is well-understood for the case where the sensors
are connected by a graph of bit pipes [I8]. In our variation, we take advantage of the wireless
channel to average over many sensors at once. We show that this can result in both lower
energy usage and delay.
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6.1 Source-Channel Computation Codes

We will now develop a scheme for sending the sum of independent Gaussian sources over
a Gaussian multiple-access channel (see Figure )E If we are given one channel use per
source sample, then uncoded transmission is optimal. With more channel uses, we use a
lattice-based scheme to refine our estimate of the sum.

XT
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Figure 6.1: Refining the sum of Gaussian sources over a Gaussian multiple-access channel.

Definition 54 (Sources). Each transmitter observes a length k i.i.d. Gaussian source S*
with mean zero and variance o%. Let Uli] = S1[i] + Sa[i] + -+ + Su[i] be the sum of the
sources.

For ease of analysis, we will assume that we are allocated n = k¢ channel uses for some
positive integer { € Z, .

Definition 55 (Encoders). Each transmitter is equipped with an encoding function &,, that
maps its length k& observation into a length n channel input X:

Em : RF — R™. (6.1)

The channel input is subject to the usual power constraint:
1< 12
LS <p (62)
i=1

Definition 56 (Channel Model). The channel simply takes the sum of its inputs and adds

IThis section is drawn from material in [I04].
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i.i.d. Gaussian noise Z" with mean zero and variance o%. The channel output at time 7 is
M
Vil =Y Xpli] + Z[i]. (6.3)
m=1

Definition 57 (Decoders). The receiver has a decoding function D which it uses to make
an estimate U* of the sum U*:

D:R" — R* (6.4)

Definition 58 (Distortion). We say that a distortion D is achievable if for any € > 0 and &
large enough, there exist fixed encoders &, ..., &y and a decoder D such that the estimate
U* satisfies the following mean-squared error constraint:

gE{(U[i] — U[z’])z] <D+e (6.5)

| =

Our goal is to achieve the smallest possible distortion while still satisfying the power
constraint. First, we will give a lower bound on the achievable distortion.

Lemma 19. The distortion at which the receiver can estimate the sum of the sources is
lower bounded as follows:

14
0.2

Proof. The sum U is a Gaussian random variable with mean 0 and variance Mc#%. Thus,
the rate distortion function for U is given by

Ru(D) = 2 log (MU%). (6.7)

2 D

The maximum sum rate of the Gaussian multiple-access channel is

1 MP
Z

Using the data processing inequality, we can show Ry (D) < {Csym(P) must be satisfied for
a distortion to be achievable. Solving for D yields the desired result. O

Lemma 20. If ¢/ = 1, then uncoded transmission is optimal for sending the sum of i.i.d.

118



Chapter 6. Distributed Signal Processing Applications

Gaussian sources over a Gaussian MAC and achieves distortion

2

2
DUNC': MO'S 3

N 6.9
oy +MP (6.9)

Proof. At each encoder, simply feed a source symbol, scaled to meet the power constraint,
into the channel at each time step. At the decoder, we compute the minimum-mean squared
error (MMSE) estimate of U. This results in the following distortion:

A~

D =E[U - U)z]
E[UY])2
— M 2 (
75 T TEN
2
o
— M 2 Z
s o2+ MP
This matches the lower bound in Lemma when ¢ = 1. O

When the channel bandwidth is larger than the source bandwidth (¢ > 1), then uncoded
transmission will not make use of all the channel resources. One easy fix is to use a repetition
code and repeat each uncoded transmission ¢ times. This results in the following distortion.

(6.10)

While this is an improvement over not using the extra bandwidth, we would like the distortion
to fall exponentially with £. We now develop a lattice-based strategy for refining the estimate
of the sum. In [74; [75], Kochman and Zamir develop an elegant joint source-channel lattice
scheme for sending a Wyner-Ziv Gaussian source over a dirty paper channel. Our distributed
refinement scheme consists of two main steps. First, we use uncoded transmission to send a
noisy sum to the decoder. Then, we have each encoder run a version of the Kochman-Zamir
scheme targeted at the desired sum, U. Unfortunately, there is a penalty for this form of
distributedness. The lattice at each encoder results in channel outputs that violate the power
constraint by a factor of M. Therefore, we must scale down our inputs to meet the power
constraint and accept the resulting increase in distortion at the decoder.

Theorem 28. For n = (k, { € Z., the following distortion is achievable for sending a

Gaussian sum over a Gaussian MAC so long as P > =102
(-1
o2 Mo?
D = Mo} 2 2 : 6.11
. <O’%+MP) (O’%—FMP) (6.11)
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Proof. We will first show the achievable scheme for ¢ = 2. We thus have 2k channel uses to
convey k sums. We will use the first £ channel uses for an uncoded transmission phase as in
Lemma PO The decoder will then form an MMSE estimate G of the sum u =8 +--- +s)s
and use this as side information for the next phase. Thus, u = q 4+ @ where q is an i.i.d.
Gaussian sequence with mean 0 and variance aé where

0.2
0y =Mog——2

——. 6.12
oy +MP (6.12)

Choose a sequence of good lattices, Ay, using Lemma B and scale them such that the second
moment of the lattice is MP. Let di,ds,...,dy; be independent dither vectors drawn
uniformly over the fundamental Voronoi region, d,, ~ Unif(}y), and made available to the
encoders and decoder.

Each encoder transmits x,, = \/Lﬁvm where:

Vin = [YSm + dp] mod Ag. (6.13)

for some v > 0 to be specified later. The channel output is given by:

The decoder then computes:

M
t=ay— (de+7ﬁ)
m=1

r =t mod Ay
L, M M

= | — Vo + az — (dy + v8m) +vq| mod Ay
RE Y

VM

If the second moment of the term inside the modulo operation does not exceed M P, the
second moment of the lattice, then we can guarantee that:

M
Q
lim Prir=—-1 Vo + Qz + =1. 6.14
Lim ( (ﬁM )MZ:l vq> (6.14)

M
= (i—l)ZijLozszvq mod Aj.
L m=1
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since Ay is AWGN good. The second moment can be controlled by requiring that:

2
(\/LM - 1) (M?P) + o*o% + 72022 < MP. (6.15)

This equation will be satisfied by our final choice of the constants o and . The decoder’s
estimate of the sum is given by:

ﬁ:ﬁr—l—ﬁ
=ﬂ<<i—1) iw:vm+ozz+7<1> + 1
\/M m=1
N M
— ((W_l);vm+az> —(1-0v)q+u.

This estimate gives the following mean-squared error:

2
D = 3? ((\/LM - 1) M?P + a20%) + (1 — 57)2022.

We define the following constants:

. MPVM
T MP+ o2

MP Mo?,
Y=y (== )
) MP + o3,

and let 7 — o from below as k — oo. This ensures that Equation (E13) is always satisfied.
We also set:

5291
MP

As k — o0, we get that the achieved distortion is:

D= Mot 2 Mo

) 6.16
SU%—FMPU%—FMP ( )

This proves the theorem for ¢ = 2. For all higher values of £, the scheme can be repeated with
the final estimate from the last refinement taken as side information for the next stage. [
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Remark 28. A simple achievable scheme for situations where we do not have an integer
number of channel uses per source symbol is to time share between two integers whose
average gives the proper ratio.

Remark 29. This joint source-channel scheme can be easily generalized so that we can send
a linear function of Gaussian sources instead of just a sum. Essentially, the v coefficient in
[ET3) should be replaced by ¢,,7 at encoder j where ¢, is the desired coefficient for that
source (U = "M 6,,5)).

We now show that if we want to communicate the sum to the receiver through a
separation-based strategy, the encoders can do no better than send their sources to the
decoder.

Lemma 21. There are M source encoders, £, : RF — {1,2 ... 2"%=} each observing
one of the sources S* and compressing it into bits. A decoder, D :;{1,2, Co2r e x
{1,2,...,2"Bu} — RF is given these bits and makes an estimate U* of the sum U*. The
minimum total rate required to reconstruct the sum at distortion D is
M
M Mo?
R, =—=1o 5. 6.17
3 R =l () (617)

Proof. (Converse.) Let W,, = &, (S%) be the message output by the m™ encoder for
a length k& block of source symbols. Given W = (W;, Wy, ..., Wy) at the decoder, the
minimum-mean squared estimate (MMSE) of U is given by the conditional expectation.

D=3 B - UliY) (618)

> 2> Bl - EUG W) (6:19)

: WD (6.20)

(:)%iE ( ' / Wm]> (6.21)
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3 ST B~ ElSali Wl (6.22)
@ i 529 2Rn (6.23)

(a) by linearity of expectation
(b), (¢) by independence of S,,, and S,,, for all my # my
(d) by the single source rate distortion converse (see [29, pp. 315-318])

Minimizing the function S_M_ 2272 is just a convex optimization problem subject to

the convex constraint Z%Zl R,, = R. It easily follows that the minimizing solution satisfies
Ry = Ry =---= Rj);. We obtain:

D > Mg22 %

M Mo?
> — .
R(D) > 5 log< D )

(Achievability.) Each encoder simply uses a standard Gaussian rate distortion code for its

2
source with distortion target D,, = %. Such a code requires a rate of at least %log <%>

per encoder. See [29, pp. 318-325] for the derivation of such a code. The decoder recovers
each source and sums the individual estimates to get an estimate of the desired sum at
distortion D. O

Theorem 29. The best achievable distortion for a separation-based scheme for sending a
Gaussian sum over a Gaussian MAC is

2 (/M

DSEP = MO’% ( 4 ) .

=z 6.24
U% + MP ( )

Proof. From Lemma Il we know the minimum sum rate required. We also know that the
maximum sum rate of a Gaussian multiple-access channel is:

1 MP
—1 14+ ——. 2
5 og( + a%) (6.25)

Recall that we are allocated ¢ channel uses per source symbol. Thus, any separation-based
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scheme must satisfy:

M Mo? MP

Solving for D gives the desired result. O

Computation coding can fully utilize the extra channel bandwidth while separation-based
coding must split the extra bandwidth between the M users. In Figure B2 we plot the
distortion for repetition coding (BI0), separation-based coding (Theorem BY), computation
coding (Theorem 28), and our lower bound (Lemma [[9) for M = 5 transmitters with source
variance oz = 1 communicating over a channel with power P = 3 and noise variance o3 = 1.
The logarithm of the distortion is plotted versus the number of channel uses per source
symbol. As the channel bandwidth increases, computation coding performs exponentially
better than the other strategies.

10

-40r - - - Repetition " |
. o
_501 - Separation = |
—— Computation S
-60r o Lower Bound "o
o
_70 L L L L f
0 5 10 15 20 25

Channel Uses per Source Symbol

Figure 6.2: Refining the Sum of Gaussian Sources over a Gaussian MAC, M =5, P = 3, a% =1,
2
US - ]_

Recent work by Soundararajan and Vishwanath has examined a related problem where
two transmitters want to send the difference of correlated Gaussian sources over a Gaussian
MAC [T47]. They showed that by using a common dither at both encoders, the performance
of the lattice-based scheme can be improved.
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6.2 Sensor Network Case Study

We now apply the computation code developed above to a simple sensor network model
first proposed by Gastpar and Vetterli [54: 55]9 The setup is essentially the same as in the
previous section except that instead of independent sources, each sensor observes a noisy
version of a single source (see Figure £3). We would like to reconstruct this source at the
lowest possible distortion at the receiver. Specifically, the desired source U* is drawn i.i.d.
according to a Gaussian distribution with mean zero and variance ;. Each sensor observes

a version of this source corrupted by i.i.d. Gaussian noise W* with mean zero and variance

2 .
O-W-

Snli] = Uli] + Winli]. (6.27)

We are given n = kf channel uses and the goal is to make an estimate U* at the receiver
with the lowest possible distortion:

| =

gE {(U[i] - U[Z’])Q} <D (6.28)

Wi

St Xy

&

6 N
& 2 d‘/Y D U*
W :

ISy Xir
® Em

Figure 6.3: A simple Gaussian sensor network model.
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6.2.1 A Converse Bound

We can slightly extend a bound first presented in [52] to obtain the following theorem:

2This section originally appeared as [T(7].
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Theorem 30. For the Gaussian sensor network, the incurred distortion must satisfy

14
2 2 2 2
0?0 o o
Diowpr > ——3—2— | 1+ M- Z . (6.29)
Mo? + o? o2, \ Maj+ojy 2
U w w g MP + o7,
U w

6.2.2 Separation-Based Coding

We will first consider a separation-based approach. The source coding problem corresponding
to our sensor network example has been well studied, under the name of the CEO problem.
This problem was introduced in [14 [154] and the quadratic Gaussian version described above
was solved by Oohama [TT6], with some recent refinements [T23; 27]. From this work, the
sum rate (i.e., the total rate over all M encoders) in order to achieve a certain distortion D

is determined as
2 Do2 M M
R(D) = log} <%U ( ou ) ) . (6.30)

2 2 2 2
Do M — o0y, + Doy,

For our considerations, we will use Oohama’s simpler lower bound, which can be obtained
easily from the above, noting that o /D > 1,

(6.31)

Do2 M
R(D) > Mlog} ( U )

2 2 2 2
Doy M — op04, + Doy,

Conversely, the smallest achievable distortion satisfies

D(R) > 74Ty

. 6.32
= G2 M(1—2-FM) 4 52, (6.32)

By noting that 1 — 27/ < R/M, this implies the lower bound

ool
D(R) > —2—. 6.33
(R) 2 ot R+ o, ( )

The total communication rate across the multiple-access channel in our system can be some-
what generously bounded by

14 M?*P
Rtot < —10g2 (1"‘ 3 ), (634)
2 o7,
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where we recall that ¢ is the (average) number of channel uses per source sample. Note
that the M? factor is due to the correlated observations made by the sensors. Using these
correlations, the sensors could potentially generate channel inputs that combine coherently.
Combining this with the source coding bound yields the following result.

Theorem 31. For the Gaussian sensor network, a separation-based scheme incurs a distor-
tion of at least

0'2 0'2
Dspp > — L : (6.35)
(=L log, (1 4+ M2P/o%) + o3,

6.2.3 Uncoded Transmission

For the special case £/ = 1 (equal bandwidth), the simple sensor network has been thoroughly
investigated. Gastpar showed in [52] that an optimal strategy is for each sensor to transmit
its observation in an uncoded fashion:

Xpln] = 4 ﬁmny (6.36)

Earlier work by Gastpar and Vetterli established that uncoded transmission is asymptotically
optimal as the number of users goes to infinity [53; B54; 55|

Theorem 32. For the Gaussian sensor network with ¢ = 1, uncoded transmission attains
the smallest possible distortion, given by

ook Moto/oh) -
UNC — Mo2 2 Mo2 402 ( : )
UU+UW #MP—FU%
U w

For a proof, see [52]. As before, repetition coding is unable to fully exploit the extra
channel uses:

D ool M(cto%/o%) 6.3
REP M 2 2 MO'2 +O’2 ( N )
i iz, (MP + 07
U w

6.2.4 Structured Codes

As the converse bound in Theorem Bl shows, we would ideally like the distortion to fall ez-
ponentially with increasing channel bandwidth (or increasing ¢). However, repetition coding
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only provides a linear descent so we must turn to more clever strategies for ¢ > 1. We now
derive the performance of our computation code.

Theorem 33. For the Gaussian sensor network, the following distortion is achievable for
any £ > 1:

/-1
I~ S T T SN
MU%]—I—U%V Aﬁg%—‘;’%vMp_‘_U% MP-i-U%
Utow

Proof. (Sketch.) We first use uncoded transmission to communicate our observation se-
quences across the channel to get an MMSE estimate of their sum Z%Zl Smi] at distortion

DEU) where

DSUM (M2 o+ Moy, )oy
M?c% + Moi,) + 0%

g (6.39)

Denote this MMSE estimate of the sum of observations by V1[i].

Now we employ our lattice-based scheme from Theorem 2§ to refine this estimate of our
sum with the remaining (¢— 1)k channel uses. Note that due to the dither step in the proof of
Theorem E¥, we do not require the sources to be independent. We can reduce our distortion
down to DSUM where

(-1

Mo

DSUM — DSUM Z 6.40
Y\ MP+ oy (6.40)

We then use this estimate of the sum of observations to make an MMSE estimate E[u|v]
of the original source S. Let sguy = Z%:l S,,. The distortion for this estimate is given by:

1
D= [lja — Blulv]|] (6.41)
1
==k [||u — Elulssuu] + E[U|SSUM] - E[U|V(Z)]”2}
N
(a) 1
=5F [Ilu+ Elulssond] ] + < E [ EMulssen] — Eulv?]]?]

—~

2
(b)  OyOWw 1 B
N (MO’U + aw) 2 llssow = BlssoulvIP]

2 9
OyOw oy SUM

= D 6.42
Mo? + o, (MO'U—i—O'%V) ¢ (6.42)

where (a) follows by the orthogonality principle, and (b) is due to the fact that MMSE
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estimation for Gaussian sources is just a rescaling.
]

As desired, we now have a scheme for which distortion falls exponentially with increasing
¢. Unfortunately, its performance does not match that of our lower bound from Theorem
It is unclear whether our scheme can be significantly improved upon or that there is a
fundamental penalty for distributed encoding beyond the ¢ = 1. It seems likely that any
scheme that employs quantization at the encoders will face a penalty that keeps it away from
the lower bound.

One shortcoming of our scheme is that it only results in a reduction in distortion for
¢ > 1 if an SNR requirement is satisfied (% >1-— %) This can be overcome by combining

repetition coding with the lattice scheme in Theorem B3 For instance, if each transmission

is repeated 6 € Z, times then we can run 2} refinements to get the following distortion

9
(assume &1 € Zy):

=1
oot [, Mereim) (b N
Z_M0[21+012,V MUzU""U%VMP_‘_O-% OMP + o%

2 2
o‘U—I—oW

6.3 Local Interference Can Accelerate Gossip Algo-
rithms

Gossip algorithms are a completely decentralized approach to computing a global function,
such as the average. These algorithms can be used as a key component in constructing
more complicated signal processing and optimization algorithms on networks. The gossip
protocol is quite simple to describe: a sensor randomly wakes up itself and a neighbor and
they replace their current values with their local pairwise average. This process continues
until all nodes converge to within an acceptable distance from the true average. Boyd et
al. [18] give a comprehensive analysis of the convergence speed for gossip algorithms for any
connectivity graph. The convergence time is connected to the mixing time of a Markov chain
on the graph induced by the sensor network communication ranges.

Clearly, if there was no energy penalty for long-range wireless transmissions, each sensor
would broadcast its observation to the entire network and there would be no advantage to
gossiping locally. However, such transmissions are expensive in terms of the energy required,
and in addition generate significant interference which can delay the averaging process. We
will show that with computation codes, we can exploit the interference to average over a
neighborhood of sensors in one shot. This form of computation code relies on a certain mini-
mum channel knowledge at the transmitters and we capture this by the somewhat simplistic
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model of the local neighborhood of a node. We assume that within a local neighborhood,
each node knows its respective channel (fading) parameters towards the center node of the
neighborhood. We further assume that within this local neighborhood, nodes can operate in
a synchronous manner.

Outside of the local neighborhood, no channel state information or synchronization is
required. The size of the local neighborhood is determined by the spatial and temporal
coherence of the particular wireless infrastructure at hand. Our analysis suggests that if
local neighborhoods of a certain size are physically possible, computation codes can yield
exponentially large savings in the required energy, for a fixed averaging time.

©O 0 0 0 o0 0o o
© o o, e o ® 0
o :.\/':
© O Oo| e—e—e o
| |
| |
VvN|O ©o o :/\o: o
NBHD(¢)
©o o o o o o'o
© 0o 0 o0 o o o
© 0o 0 o0 o o o

Figure 6.4: Node ¢ efficiently collects the average from its local neighborhood, NBHD(¢), using
a computation code.

Computation coding allows us to reliably add numbers in a local neighborhood with
concurrent transmissions over noisy channels. We will use these neighborhood averages as
part of a gossip algorithm on a sensor network. In each round of the algorithm, one randomly
selected node will wake up, collect the average from its local neighborhood, and distribute the
result back to its local neighborhood. First, we show that if each gossip round is computing
averages over a larger neighborhood, we can dramatically reduce the number of required
gossip rounds. At one end of the scale is the case where the spatial and temporal coherence
is so good that the “local” neighborhood includes, in fact, the entire network, and thus,
consensus is achieved in a single “neighborhood gossip” step. At the other end of the scale
is the case where there is almost no coherence at all, and thus, the local neighborhood only
includes the nearest neighbor, and we are back to standard nearest-neighbor gossip. The
interesting question is for which neighborhood size is there a benefit to using interference.
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When averaging over some large neighborhood, sensors will have to transmit over longer
distances and will have to operate at a higher power level, to overcome path loss. The key
idea is that since the neighborhood gossip algorithm requires fewer rounds to converge, each
round can afford to take more time, which can, under some conditions, yield a reduction in
the total energy consumption. As we show, if we allow more time to the nearest-neighbor
gossip it will always consume less energy. However, when we fix the total convergence time,
neighborhoods that are large enough will yield exponential energy gains.

We perform our analysis on the simple topology of a grid network Our techniques can
be extended to more realistic models of wireless network topologies like random geometric
graphs (which can possibly change the results up to polylogarithmic factors) but in this
section we will only address the simplest case.

Related Work

Distributed averaging can be used as a fundamental building block for distributed signal
processing over networks, where the goal is to achieve a global objective (e.g., computing the
global average of all observations) based on purely local computations (in this case, message-
passing between pairs of adjacent nodes). Deterministic variations of gossip algorithms (i.e.
each node communicating with all the one-hop neighbors as opposed to a randomly selected
one) are often called consensus algorithms and their behavior and analysis are very similar.
Gossip and consensus averaging is very useful because it can be easily converted into a
more general algorithm that computes any linear projection of the sensor measurements (as
long as each sensor knows the corresponding coefficient of the projection vector). Recently,
such algorithms have been proposed for distributed filtering and optimization as well as
distributed detection in sensor networks [T48: [158; [12]].

In a series of papers [T8;[T7], Boyd et al. have analyzed the performance of standard gossip
algorithms on arbitrary graphs and shown how the gossip parameters can be optimized by
solving an optimization problem to reduce convergence time. Unfortunately, for graphs that
correspond to realistic sensor network topologies (like grids or random geometric graphs)
standard gossip algorithms (even with optimal parameters) are very inefficient and require
O(N?) radio transmissions to converge where N is the number of sensors.

Mosk-Aoyama and Shah [04] use an algorithm based on the work of Flajolet and Martin
[46] to compute averages and bound the averaging time in terms of a “spreading time”
associated with the communication graph. Dimakis, Sarwate, and Wainwright [34] proposed
a modified gossip algorithm that uses geographic information of the sensors to reduce the
convergence time to O(N'5y/log N) for random geometric graphs. Very similar performance
can also be achieved with only partial geographic information as shown by Li and Dai [85].
Geographic gossip was subsequently used to compute random linear projections and perform

3This section originally appeared as [T(3].
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distributed compressive sensing [I24] for sensor network measurements. Benezit et al. [I3]
showed that an extension of geographic gossip that averages along the routed paths can
further reduce the convergence time to O(N log N) which is optimal for random geometric
graphs and grids. In this work we assume that no geographic information is available at the
nodes so such schemes are not applicable.

The issue of noise and quantization in the gossip messages has received significant at-
tention recently [T20% [10; T2 [M25] and schemes that achieve quantized consensus and tight
convergence bounds can be found in these papers. Sundaram and Hadjicostis [I50] show how
infinite accuracy can be achieved in finite number of rounds by extrapolating the consensus
value through appropriate computation.

Other groups have also studied how to best exploit the physical-layer for consensus. For
instance, Aysal et al. exploit the broadcast aspect in [IT] and Kirti, Scaglione, and Thomas
exploit the multiple-access aspect in [73]. Dimakis and Sarwate characterized the impact of
sensor mobility on gossip convergence in [134].

6.3.1 Problem Statement
6.3.1.1 Wireless Channel Model

There is a sensor network composed of N nodes. Each node has a unique index ¢ €
{1,2,..., N} and a unique position p € {1,2,...,v/N} x {1,2,...,v/N} on the extended
grid. We assume that the wireless channel has a finite bandwidth so a discrete-time model
is sufficient and we index time (or channel uses) using . At time 4, the received signal at
node / is:

Yoli] = Z P i) X [t] + Zo|i] (6.43)
KENBHD(?)
hop = Tg_k% e 0exli] (6.44)

where 7y is distance between nodes ¢ and k, o € R, is the power path loss coefficient, the
O¢[7] are phases chosen randomly according to some distribution over the interval [0, 27],
Xk[i]is the signal transmitted by the k™ node at time ¢, and z,[¢] is i.i.d. Gaussian noise with

mean zero and variance o%.

Finally, NBHD(¢) C {1,..., N} is the local neighborhood of node ¢. For the purposes of
this paper, we assume that the local neighborhood are the nodes in the v/M by v/ M square
around node ¢H Ignoring boundary effects, each local neighborhood contains M nodes. In
general, nodes do not know the phases, 0j;[i], governing the channel to other nodes in the

4Since we are only interested in the scaling law, we can safely ignore integer effects, i.e. assume that v M

is always odd and that % is an integer.
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wireless network. However, we will assume that nodes do know the channels in their local
neighborhood.

6.3.1.2 Time Model

We will assume that the nodes wake up according to the asynchronous time model in [T8].
Each node observes a rate A Poisson process and wakes up upon an arrival. The rate can be
set such that no two nodes wake up in a given time interval with high probability. We also
assume that the nodes are completely synchronized with respect to their channel uses; the
Poisson clocks only determine when they wake up.

Furthermore, we will count time on two scales, channel uses and gossip rounds, to avoid
confusion between our channel code and our gossip algorithm. Gossip rounds are simply a
count of how many steps the gossip algorithm has taken (see Definition [6]). We assume that
within each round we have T channel uses.

6.3.1.3 Distributed Averaging

We now provide a precise notion of convergence for a gossip algorithm. First, we will review
the standard formulation used in the literature. Since we are including noisy channels in
our analysis, we must use long blocklengths to ensure reliable communication. Thus, we will
allow for a vector of observations at each node, rather than a scalar, and this will allow us
to communicate in a reliable fashion.

6.3.1.4 Standard Formulation

The standard formulation of a gossip algorithm is as follows. Each node k starts out with
a scalar observation s;x[0] € R for k = 1,2,..., N. Our goal is to have each node learn the
global average of these observations:

N
1
SAVG = ¢ ; 5k [0] (6.45)

At time ¢, node k has an estimate si[t] of the global average. Let s[t] denote the N-vector
of these estimates at round ¢.

Definition 59. Choose ¢ > 0. Let RAVY(N, ¢) be the minimum number of gossip rounds
required to get all nodes estimates of the average to within ¢ of the true average with
probability greater than 1 — e.

—
Ravg(N,€) =supinft: P Is[t] = save L] >e]| <e
S[0] [Is[O]]]
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6.3.1.5 Vector Formulation

We slightly modify the standard gossip problem statement by having each node k start out
with a length-L vector observation vy = (sg1, Sg2,..., sxr) € RF for k=1,2,...,N. Our
goal is now to have each node learn the global average of these vectors:

VAvVG = <%Z$k1[0],,%ZSkL[O]) (646)

To ensure finite transmission energies, we will also assume that the measurement vectors vy,
have bounded ¢ norm:

[vil* <TL (6.47)

where I' € R, is a constant.

At time t, node k has an estimate sy,[t] of the global average of the ¢"* element. Let
s,[t] denote the N-vector of these estimates at round ¢t. We use the following definition for
convergence of the vector gossip algorithm.

Definition 60. Choose € > 0. Let RAVE(IV, M, €) be the minimum number of gossip rounds
with neighborhood size M required to get all nodes estimates of the average vector to within
€ of the true average with probability greater than 1 — e.

L —
Zq:l I8q[t] — savaq 1l

31 lIsq[0]]

Ravg(N, M e) =supinf {t : P (5 > €) < €} (6.49)
Sq[0]

8= (6.48)

The total time spent by our algorithm is easily computed by multiplying the number of
gossip rounds by the amount of channel uses used per gossip round Tg. However, it may
be possible to schedule multiple gossip rounds simultaneously and therefore we divide this
quantity by reuse factor F:

TrRava(N, M, e
TTOTAL: i AVG‘; ) (6.5())

Note that the reuse factor might be different for different neighborhood sizes and we bound
this quantity in a subsequent section.
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6.3.1.6 Energy Model

We assume that energy consumption is dominated by wireless transmissions and measure to-
tal energy consumption, Erorar, by the sum of of the squared amplitudes of all transmissions
in the network:

TroTAL

Erorar = Z (ie[l])z (6.51)

i=1 (=1

By construction, each gossip round will consume the same amount of energy, Ey. Thus,
the total energy consumption can also be computed by multiplying this quantity by the
number of gossip rounds:

Eroran = ERRAVG(N7 M, E) (6’52)

6.3.1.7 Time-Energy Tradeoff

In this paper, our goal is to minimize both the total time and the transmit energy cost for
making the global average available at each node. Clearly, there is a tradeoff between these
two quantities. Intuitively, if we demand the average in smaller amount of time, it will cost
more energy. Thus, our goal is to find the best possible time-energy tradeoff curve and the
algorithm that provides it. In the next section, we will provide a high-level description of
our gossip algorithm.

6.3.2 Algorithm Sketch

Our algorithm operates at two levels of abstraction: At the higher level, we show how to
select a good sequence of “neighborhood gossip” rounds in such a way as to attain global con-
sensus as quickly as possible. More precisely, we show that a random sequence of uniformly
chosen nodes performs well with high probability. At the lower level, we provide (physical-
layer) algorithms that permit to efficiently perform “neighborhood gossip,” exploiting the
structure and coherence of the local interference, and leading to local consensus within the
neighborhood. In this section, we give an overview and rough outline of the two key steps
in the resulting “neighborhood gossip” algorithm.

6.3.2.1 Neighborhood Gossip

Assume node ¢ wakes up for the t™ gossip round. The following steps describe the gossip
round:

1. Node ¢ wakes up all of the nodes in its local neighborhood, NBHD(?).
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2. All nodes in the local neighborhood transmit their estimates to node ¢ using a com-
putation code. The computation code is designed such that node ¢ receives only the
average of these values.

3. Node ¢ uses the received information and its own value to compute the average of
the estimates from its local neighborhood. It replaces its current estimate for the ¢™
element with this new estimate for the next gossip round:

1
Selt + 1] = o7 kEN;Dm Skalt] (6.53)

forq=1,2,...,L.

4. Node ¢ broadcasts its updated estimate to all nodes in its local neighborhood. All
local neighborhood nodes replace their current estimate with the transmitted one for
the next gossip round:

st + 1] :% S silt] Vue NBHD(Y) (6.54)

kENBHD(£)

As one might expect, the convergence time of such an algorithm is highly dependent on
the topology of the network and the choice of the local neighborhoods. In Section B33, we
will examine a network where the nodes are placed on a VN x /N extended grid and the
local neighborhoods are squares of size vM x v/M centered around the nodes and show that

the algorithm converge in O (Aj\;—z log (%)) rounds.

6.3.2.2 Computation Coding

The critical step in the neighborhood gossip algorithm is Step 2 in the description given
above: All nodes in the local neighborhood need to communicate to the center node. It may
be tempting at first to implement this using some form of orthogonal accessing where each
node communicates to the center node on a separate channel. However, this approach would
consume virtually all the potential advantages of neighborhood gossip. The key insight is
that the center node does not need to know the exact data at each of the nodes in the
neighborhood. Rather, it only needs to know the average. Using a code construction that
we have recently developed [1014] and that we will refer to as computation coding, we show
how this can be achieved very efficiently. To give an intuition as to where this efficiency is
coming from, consider the following two-step procedure:

1. By our definition of a local neighborhood, every node k € NBHD(¢) knows the channel
characteristics (rey, Oe[7]) (as in Equations (643, E44)) from itself to the center node
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¢. Exploiting this knowledge, the nodes in the local neighborhood can transform the
actual multiple-access channel between them and the center node ¢ into the following
simple multiple-access channel:

Vilil = > Xuli] + Zi]. (6.55)
KENBHD(0)\{¢}

2. (Computation Coding) All nodes simultaneously encode and transmit their values using
tdentical linear codebooks. The selected codewords will be added on the channel and
node ¢ will receive the sum of the codewords. Since the codebook is linear, the sum of
the codewords is also a codeword and is actually the codeword corresponding to the
desired average.

In Section B34 we characterize the tradeoff between the number of channel uses, the
precision of the received average, and the expended energy for computation coding.

6.3.3 Neighborhood Gossip on an Extended Grid

Assume that the nodes are placed on an VN x /N grid with unit distance between both
rows and columns. Furthermore, assume that the local neighborhood, NBHD(¥), of node ¢
is the v/M x v/M square of nodes centered on itself.

Therefore, for each gossip round, a random node ¢ activates and when the round is over,
everyone in its local neighborhood NBHD(¥) has replaced their value with the average of that
neighborhood. In particular, we assume that after the computation coding phase of a gossip
round has finished, the average of the local neighborhood estimates of the global average is
available at the active node up to precision § where 0 is much smaller than e.

Without loss of generality, we focus on a scalar observation (L = 1). Recall that s[t] is
the vector of node estimates of the global average at round ¢ and that s[0] is just the vector
of the nodes’ initial observations. Every time a node ¢ activates, all the nodes in NBHD(/)
get averaged while other nodes stay invariant, and this can be written compactly as:

st + 1] = W]t]s]t] (6.56)

where W (t) is the matrix that corresponds to averaging nodes in NBHD(¢). When the
selection of which node activates is i.i.d. random, the corresponding W t] matrices for each
round ¢ are also i.i.d.

Now let W denote the mean of the i.i.d. W[t] matrices. The distribution on the random
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matrices is such that W satisfies the following three properties:

"W =17 (6.57)
W1l=1 (6.58)
117

where 1 is the all ones vector and p(-) is the spectral radius of a matrix.

These conditions guarantee convergence of the gossip algorithm[T8] will converge to the
true average. The main result of this section is abound on the number of gossip rounds
require to converge:

Theorem 34. The averaging time of neighborhood gossip on an extended grid of size /N x
VN, and neighborhoods of size /M x v/M in gossip rounds, satisfies

AVG N? 1
RAS(N, M,e) < Ve log : (6.60)

€
where ¢ 1s a fized constant.

Proof. To bound the averaging time, we will use the following lemma, that uses the second
eigenvalue of the ezpected matrix W. The main technical problem is that computing the
second eigenvalue of this expected matrix is quite complicated, since even determining the
expected matrix itself is not straightforward. We are going to be able to provide a good
bound on the second eigenvalue of W without actually computing the entries of the matrix,
but rather bounding the conductance of W.

We begin with a bound connecting the averaging time with the second eigenvalue of W:

Lemma 22 (Boyd et al.). The averaging time in gossip rounds, RAVY(N,¢), of a gossip
algorithm is upper bounded by:

3log (e71)
log (W)

where \y(W) is the second eigenvalue of the expected matriz W.

RYY(N,e) < (6.61)

Since log (1 4+ x) < x (this bound is tight for small x), we can instead use the following
simpler upper bound for our analysis:

-1
RAVG(N7 e) < 3log (e7')

g Wi (6.62)
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For our gossip algorithm, Wt] is drawn uniformly from the set W:

W={WW{):(=1,2,... N} (6.63)
7‘NBH1D(£)|, u,v € NBHD(Y);
W(l)u =4 1, u=wv, u,véNBHD(/):; (6.64)
0, otherwise.

where W({),, is the entry in row u and column v in the matrix W({). Essentially, if node
¢ is chosen, nodes in its local neighborhood compute their local average and the rest keep
their values the same. Unfortunately, computing the mean, W, of matrices drawn from W
is difficult. However, we will still be able to give bounds on the spectral gap, 1 — A\y(W).
First, we will need a basic linear algebra lemma to connect our matrix, W, to one for which

we can give a tighter bound on the spectral gap.

Lemma 23. Lgt W pagr be chosen such that W = p,SLTAYI_‘_(l_pSTAY)WFAST where PsTAY €
[0,1]. Let \o(W pasr) be the second eigenvalue of W pagr. Then, the spectral gap of W is
gien by:

1 — )\Q(W) = (1 - pSTAY)(l — )\Q(WFAST)) (665)

Proof. Let a, be the second eigenvector of W. We have that:

_ 1 _

Wiasrag = (17W - MI) as (6.66)
— PSTAY 1 — pstay
Ao (W) —

_ < 2( ) pSTAY) as (667)

1 — psray

- Mo (W) —
A2(Wrast) = 2<1 ) ~ Psmay (6.68)
— PsTAy

The lemma follows immediately. O

The above lemma connects our matrix to a matrix that is not ”lazy.” Now observe that
W is a stochastic and symmetric matrix and corresponds to a Markov chain on the v N x v/ N
grid that is reversible and ergodic. We can therefore use techniques that bound mixing times
of Markov chains [57; T3] to bound the spectral gap of W.

Definition 61. The conductance [144] of a stochastic matrix W (that corresponds to a
reversible Markov chain) is defined by:

X . QW(SaSC)

= 6.69
T 0%
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where Qw(u,v) = m(u)Wy, :_W(U)Wuv, 7(8) is the probability density of S under the
stationary distribution of 7 of W and Qw (S, S%) is the sum of Qw (u,v) over all (u,v) €
Sx({1,...,N}\S)

Now we use the fact [T44: [57] that conductance can be used to provide a lower bound on
the spectral gap:

Lemma 24. The second eigenvalue of a reversible Markov chain with transition probabilities
given by W satisfies:

12
1= X(W) = (2(W))*

(6.70)

Finally, we will need a simple fact about conductance given by the following lemma.

Lemma 25. Let V be a matrix whose off-diagonal elements are less than or equal to those
of W. Then the conductance of W satisfies the following lower bound:

- L Qu(S,89)
> - 7 .
W)z im0 (6.71)
0<m(S)<3

where Qv (u,v) = (u)Vyy = 7(v)Vy, 7(S) is the probability density of S under the sta-
tionary distribution of © of W and Qv(S,S°) is the sum of Qv(u,v) over all (u,v) €
Sx({L,....,N}\S)

Proof. Since we are just reducing the numerator in every term inside the minimization then
the result is no higher than the original. O

We are now ready to bound the spectral gap of W. First, define a non-lazy matrix Wy,
with pgray =1 — % Each non-diagonal entry of this matrix will be % if the indices are in
the same neighborhood. Now consider a cut across the center axis of the grid. (It is not hard
to see that any other cut will only yield larger conductance.) Clearly, 7(S) = % We now
obtain a lower bound on Qw,, (S,S¢). Since ignoring nodes and edges only reduces @, we
will only consider the nodes in S who have distance v/M /4 or less from the separating axis.
There are v'N x v/M /4 such nodes and each one has at least v/M /2 x v/M /4 neighbors in
S¢. All these edges have weight 1/M and therefore

VNVM VMVYM 11 VM

)y > S Sl 72
SO
W > —. .
O(Wii) 2 16N (6.73)
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which implies that the spectral gap of the non-lazy chain is bounded as follows

1 < 2
1 —2(Wnr) =~ (2(Wner))?

N
<512—. 6.74
<512 (6.74)

So using to bound the spectral gap of the non-lazy matrix W we simply need to multiply
by —— = % which yields the result.

PSTAY

O

6.3.4 Computation Coding

Inside a local neighborhood, due to the channel knowledge at the transmitters, we can invert
the phases and make the channel into a noisy sum:

Vil = (qem) X Xl (6.75)

kENBHD(£)

where the M~%/? factor comes from considering the worst path loss within the neighborhood.
As mentioned earlier, we will only be attempting to send our averages up to some specified
precision. Our error metric for a real number is the usual mean-squared error criterion.
Recall that each sequence of observations has a bounded ¢, norm: ||v¢||* < LT for
k=1,2,...,n. Finally we say that node k£ consumes power P if the average energy during
a transmission of length 7T satisfies:

=Y (Xl = P (6.76)

i=1

Theorem 35. Choose € > 0. Assume each node in a local neighborhood of size m has
a length L bounded real-valued observation vector, ||vi||> < TL. For L large enough, there
exists a coding scheme such that the receiving node can make an estimate V ayq of the average
Vaive = % > vy that satisfies:

r
Pr (HVAVG - {’Angz > M2_2B) <€ (677)
so long as:
T 1 P
—1 — > B 6.78
2 %8 <M * M;*gg) (6.78)
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for some choice of T channel uses (per observation symbol), power P and precision B bits.

Proof. This follows directly from the proof of Theorem 28 (without the uncoded transmission
step). Note that due to the dither step, the sources are not required to be Gaussian, they
only need to satisfy second moment bounds. Here, the variance of the desired average vavg
is 2= instead of Mo? and the distortion D is equivalent to Llvave — Vavell?. Thus, we just

M
need that:

14
MO’% _oB
—Z ] =2 . .
(U%—I—MP) (6.79)

Solving for B yields the desired result. O

Note that this scheme performs significantly better than a standard multiple-access
scheme that attempts to inform the receiver of all the individual observation vectors be-
fore it computes the sum.

In order to compare our neighborhood scheme, to a nearest neighbor scheme, we need
to characterize the resources needed to send a bounded real-valued vector over a Gaussian
channel. This easily follows as a corollary of the above theorem.

Corollary 4. Choose € > 0. Assume node k has a length-L bounded real-valued observation
vector, ||vbg||* < TL. A node at distance 1 away needs to make an estimate ¥, up to precision
B. For L large enough, there exists a coding scheme such that:

Pr(|lvi,— ¥4 > T272P) < e (6.80)
so long as:
T P
—1 1+ — B .81
20g<+0%)> (6.81)

for some choice of T channel uses (per observation symbol) and power P.

Of course, the receiving node needs to communicate the average back to the sender(s).
However, it can be shown that this only requires a constant factor more energy so we omit
it from our analysis.

6.3.5 Performance Comparisons

Now that we have characterized the number of gossip rounds required for neighborhood
gossip and the resources required for computation coding, we can determine the scaling laws
for both the time and energy consumed by our scheme. First, for comparison purposes, we
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will calculate the total time (in a scaling law sense) it takes for nearest neighbor gossip to
converge on the grid:

RAV(;(N, €)T1 N2T1

:Cl

TPAIR =C (682)

F PAIR F PAIR

where T7 is the number of channel uses per gossip round and ¢; is a constant.
Similarly, we can use our result from Theorem B4l to get the total time it takes for
neighborhood gossip to converge on the grid.

T . Rava(N, M, e)T> . N
At FNBHD M2 Fygnp

(6.83)

where T5 is the number of channel uses per gossip round and ¢, is a constant.

We can upper bound Fpar by allowing all N nodes to gossip concurrently in one round
of nearest neighbor gossip, Fpair < V. Also, we can lower bound Fygup by allowing only
one neighborhood gossip to take place per round, Fxgup > 1. This clearly is an upper bound
on the time savings and we get that the ratio of total time to converge is bounded as follows:

TNBHD < o THN

. 6.84
Toar — aTiM? ( )

Next, we calculate the total energy Epar used by the nearest neighbor gossip scheme.
First, we need to determine the energy used in a single gossip round using Corollary Hl. Let
P, be the average power per channel use and B; the precision in bits.

Epi =T\ P, = Ty02%(22P/T 1) (6.85)

where the second step follows from solving for P; in Corollary H.

EPAIR = ERlRAV(;(n, 6) = 03N2T10'%(22B1/T1 - 1) (686)

where c3 is some constant.

Finally, we calculate the total energy Enpup used by the neighborhood gossip scheme.
First, we determine the energy used in a single gossip round using Theorem B3. Let P, be
the average power per channel use and B, the precision in bits.

1
Epy = ToPy = M*?0% (22BZ/T2 - M) (6.87)
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where the second step follows from solving for P; in Corollary H.

One can show that the above expression decreases as the number of channel uses T5 is
increased but then begins to increase again. This is due to the computation coding expending
energy to overcome the path loss. At some point these expenditures overcome the savings
from using the channel addition. Thus, past this critical T, we should not use any more
channel uses in a round even if they are allowed.

N2 1
Exgup = EreRava(N, M, €) = C4WMOC/2T20-% (22BZ/T2 - M)

where ¢4 is some constant.
Finally, we take the ratio of the total expended energies
ExBuD . caTy g 2252/T2 — ﬁ
Epair 3T 2251/ — 1

(6.88)

Now we should choose B, and B, appropriately so that the gossip algorithms converge.
As mentioned earlier, noise or quantization effects in gossip algorithms have been the topic
of much recent study. For our purposes, we simply assume that if the nearest neighbor
gossip uses a constant number of bits of precision in each round, the algorithm is “noise-
free”, By € Z,. Furthermore, we assume that our scheme requires a worst-case log N bits of
precision per round for convergence, By = c5log N. This is equivalent to assuming that all
of the quantization noises add up linearly (in other words, the noise is adversarial). See [TTZ]
for details. This serves as an upper bound on the energy ratio as it can only make our scheme
look less favorable.

We will now examine the tradeoff on three operating points. First, we will fix the total
time per gossip round by allowing the same number of channel uses per round to each
algorithm T = T5. Next, we will fix the total convergence time by setting Txgup = TpaIr-
Finally, we look at the case where neighborhood gossip converges faster than pairwise gossip,
Tngup = N 7Tpamr, and show where energy savings are possible.

6.3.5.1 Fixed Round Time

Assume that 77 = T,. In this case, so long as M > +/N, neighborhood gossip converges
faster.

Remark 30. Note that if we assume both algorithms get the same number of concurrent
gossips per round (Fpair = Fnpup), then neighborhood gossip always converges faster (if
M increases with N).
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The energy ratio can be written as:

2¢5 log N/ T 1
Exgup 270708 N —
T = g M2 M — ceM/?

Epar 225/ — 1

1
M 6.89
] (6.89)

It can be shown that this ratio is always larger than 1. Thus, neighborhood gossip is less
energy efficient than nearest neighbor gossip if it is only given the same number of channel
uses per gossip round. This is because the computation code must expend extra energy to
overcome the long hop to the receiver.

6.3.5.2 Fixed Convergence Time

Assume that Txgup = Tparr so that both algorithms are allowed the same amount of time to
converge. In order to achieve this equality, we need to set T} = 71;24—];[ so that nearest neighbor

gossip is permitted fewer channel uses per gossip round for M large enough. We will let T3
be a constant.
Now we can write the energy ratio as:

E M2 22C5 logn/T> _ 1
i e (6.90)
Epar csN 22B1M?/(ToN) _ q
Now we bring all of the terms up into the exponent (base 2) to get:
Exgup 2¢5 a 2B, M2
< 25 _1)10g N (— 2)1 Y it Rl 6.91
Epar rexp T BN+ 2 + 8 5 N ( )

From this equation, we can see that there is a phase transition for the neighborhood size. If

the following condition is satisfied then neighborhood gossip uses exponentially less energy
in V:

205 (% 2Bl M2
5 1) 10e N (— 2)1 M <22 6.92
(T2 ) og N + 5 +2) log N (6.92)

This condition can be satisfied if the number of nodes is increasing and the neighborhood
size M is large enough. For instance, we can let M scale like N'/2*¢ for any e > 0.

6.3.5.3 Accelerated Gossip

Finally, we show that neighborhood gossip can simultaneously accelerate convergence and
save energy. Assume that we would like a speedup factor of N7 over pairwise gossip so that
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Tngup = N 7Tpar. The energy ratio is upper bounded as follows:

2B, M?
ExBuD < ¢rexp [(% — 1) log N + (% + 2) log M — 1 (6.93)

Epar 2 T, N+7

If M scales like N(7)/2%¢ for any € > 0, then neighborhood gossip uses exponentially less
energy in N. Thus, it is possible save both energy and time through the use of computation
codes.
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Interference Alignment via
Computation

Consider M transmitter-receiver pairs that communicate over a wireless channel on the
same frequency band. If the users are not allowed to cooperate, it is clear that concurrent
transmissions will interfere with one another. The key question is at what rate can each pair
communicate in the presence of interference from all other pairs. If only one pair is active, this
reduces to an interference-free point-to-point communication problem for which the capacity
is known. Intuitively, it seems that the best possible scheme for M active pairs would allow
each transmitter to operate at roughly ﬁ its interference-free rate. Surprisingly, through a
new strategy known as interference alignment, it is possible to have each transmitter operate
all the way up to % its interference-free rate.

Interference alignment was originally proposed by Maddah-Ali, Motahari and Khandani
for the 2-user MIMO X channel [91] and subsequently applied to the M-user interference
channel by Cadambe and Jafar [Z1]. The basic idea is that, from the viewpoint of each
receiver, the interference should look as if it originated from a single user. For the interference
channel, this can be accomplished by a vector space strategy over many parallel channels
(which can be obtained by using multiple frequency bands or time instances). The end result
is that each receiver sees its desired signal in half the dimensions while the interfering signals
occupy the other half. As shown by Cadambe and Jafar, this allows each user to achieve
% its interference-free rate as the SNR goes to infinity. In this chapter, we develop a new
alignment scheme for time-varying interference channels that permits each user to achieve
at least half its interference-free rate at any SNR.

We now provide a high level description of our scheme. Assume that the M transmitters
send out signals X, Xs, ..., X, at time ¢ under channel matrix H = {h,,,,} and that the M
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receivers observe:
M
Y[t = hoeXe + Zpnlt] (7.1)
(=1

where Z,,[t] is i.i.d. Rayleigh additive noise. The transmitters wait until the complementary
channel matrix Hs occurs at time ¢~ where

hiy, —hy - —hy
e (7.2)
S R S
and then resend X, Xo,..., Xj;. This gives each receiver access to
Yulte] = honXom + > bt X + Zu[tc] (7.3)
t#m
which it can add to Y,,[t] to get
Yo lt] + Yolte] = 2hmm X + Zn[t] + Zntc]. (7.4)

So, for the cost of two channel uses, we can get an interference-free channel. The observant
reader will have noticed that for most reasonable fading distributions Ho has measure zero
and will effectively never occur. Fortunately, for our purposes, it is enough to wait until
the channel matrix is fairly close to H¢e to retransmit the signals. The description above is
meant only to illustrate the key principles at work and we will make our analysis rigorous in
the sequel.

Our primary focus is the M-user Gaussian interference channel with time-varying fading.
We show that the above strategy allows each user to communicate at slightly more than half
its interference-free rate regardless of M. We work with the standard information theoretic
assumptions and only require that each user has causal knowledge of the channel matrix.
Later, we will extend this strategy so that each receiver can recover more than one message.
We also consider the X channel configuration where each transmitter has an independent
message for each receiver. Here, we can only cope with 2 receivers and we comment on the
difficulties of the NN receiver case. Finally, we show how to employ this strategy beyond the
Gaussian setting and derive the capacity region of a finite field interference channel with
time-varying fadingﬂ

'The material in this chapter is drawn from [T09; [TT0).
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Related Work

To date, the capacity region of the Gaussian interference channel is unknown except in some
special cases. If the interference strength at each receiver is very strong, then it has been
shown that it is optimal to first decode the interference and then extract the desired message
[26; [135; B8; 133]. Conversely, if the interference strength is very weak, it is optimal to treat
the interference as noise [96; [4T; §]. For the two-user case, Etkin, Wang, and Tse showed
that a version of the Han-Kobayashi scheme [58] is approximately optimal and achieves the
capacity region to within one bit [44].

For interference channels with more than two transmitter-receiver pairs, interference
alignment can be used to mitigate the effects of interference. This strategy has been used
to study capacity regions in the high SNR limit (i.e. degrees-of-freedom) for the interference
channel [21] and X channel [OT; 65; P2]. Recent work by Motahari, Gharan, Maddah-Ali, and
Khandani has shown that alignment is possible by embedding vectors into scalar irrationals,
thus circumventing the need for multiple frequency bands or time slots in the high SNR
limit [05]. For static channels at finite SNR, lattice codes can be used for alignment. This
was first shown by Bresler, Parekh, and Tse for the many-to-one interference channel [T9.
Subsequent work has extended this strategy to fully connected, symmetric channels [T49).

Our strategy makes use of the fact that parallel interference channels are inseparable [23;
T33]. Usually, for parallel channels, we use a single code and simply optimize our resource
allocation over the channels with water-filling. For the interference channel, this approach
is insufficient as one can gain by coding over parallel channels.

Many of the interference alignment schemes make use of many independent channel
realizations. For instance, for M users, the Cadambe-Jafar scheme requires 2M* time slots
and our own scheme requires considerably more. For the three-user interference channel, two
recent papers have characterized the degrees-of-freedom (when restricted to linear strategies)
for limited channel realizations. First, Cadambe, Jafar, and Wang solved the case with a
single complex-valued channel matrix [24]. Next, Bresler and Tse found the degrees-of-
freedom for an arbitrary number of channel realizations [20].

In concurrent work to our own, Jeon and Chung have developed a similar alignment
strategy for finite-field interference networks [67]. For a single-hop interference network,
they match up pairs of channel matrices as we do to get interference-free channels. For a
multi-hop network, they use subsequent hops to invert the channel matrix from the first hop.
Another concurrent paper by Ozgiir and Tse examined the interference alignment scheme of
Cadambe and Jafar [21] and found a lower bound on the rate at finite SNR for phase fading
[TT9].

Finally, a recent paper by Wu and Dimakis has shown that interference alignment is also
useful for designing codes for distributed storage with failures [I56].
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7.1 Time-Varying Gaussian Interference Channel

There are M transmitter-receiver pairs that communicate across a narrowband wireless chan-
nel over T time steps (see Figure [).

X4

X5

®—N o—N

Xum

=

O—N

Figure 7.1: M-user interference channel.

Definition 62 (Messages). Each transmitter has a message wy, chosen independently and
uniformly from the set {1,2,...,2"%} for some R,, > 0.

Definition 63 (Encoders). Each transmitter has an encoding function, &, that maps its
message w,, into a length T channel input X2 € CT that satisfies the power constraint:

%Z X, [t)]” < P (7.5)

Definition 64 (Channel Model). The channel output observed by each receiver is a noisy
linear combination of the inputs:

Yolt] = hune[t1X0[t] + Zint] (7.6)

(=1

where the h,,.[t] are time-varying channel coefficients and Z,,[t] is additive i.i.d. noise and
drawn from a circularly symmetric complex Gaussian distribution with variance o2, Z,,[t] ~

CN(0,02%). We assume that at each time step each channel coefficient is drawn i.i.d. from
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a distribution with uniform phasﬂ:
o, (a) =pn,(ae’®) Ya e C,be0,2n). (7.7)

We also require that channel coefficients are independent of one another (although they may
be drawn from different distributions). The transmitters and receivers are given access to
the channel realizations causally. That is, before time ¢, each transmitter and receiver is
given hy,,[t] for all m and /.

Definition 65 (Decoders). Each receiver has a decoding function that maps its length T
channel observations Y,,ff into an estimate w,, of its desired message w,,.

Definition 66 (Achievable Rate). We say that a rate tuple (R, R, ..., Rys) is achievable
if for all ¢ > 0 and n large enough there exist channel encoding and decoding functions
Ei,..., &, Dy, ..., Dy such that:

Rp>Rn—¢, m=12...,M, .
PI‘({{ZJl %wl}UU{ZZJM%’LUM}) < €. (79)

Definition 67 (Capacity). The capacity region is the closure of the set of all achievable rate
tuples.

7.2 Channel Quantization

Our scheme relies on matching up time indices based on the phase and magnitude of the
channel coefficients. In order to ensure that most channel coefficients are matched, we need
strong typicality and for this we need the channel coefficients to take values on a finite set.
We will accomplish this by quantizing the channel coefficients with a resolution determined
by our desired gap to the target rate. By taking finer and finer quantizations, we can achieve
the target rate in the limit.

First, we will threshold the channel coefficients by throwing out any time indices that
contain a channel coefficient magnitude larger than hyax. This threshold is chosen such
that the probability that one or more channel coefficients violate it in one time instant is 7.

Each channel coefficient is quantized as follows. The complex plane (up to radius hyax)
is divided up into s disjoint rings of equal width. These rings are further subdivided into
equal segments based on 1 angles spaced equally between 0 and 27 where 7. Each segment
is a quantization cell for the channel coefficients. The parameters x and n are chosen such
that the maximum distance between any two points in any segment is v where v > 0 will

2In the literature, a fading process that varies rapidly over the duration of the codeword is often called
fast fading.
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be specified later. We also assign all channel coefficients with magnitude larger than hyax
to an erasure symbol.

The following lemma will allow us to show that for v small enough, matching up channel
coefficients based on their quantization cells has a negligible effect on the overall rate.

Lemma 26. Given hy € C satisfying |hg| < hyax for k =1,2,... K, let hy, be any other
element of the quantization cell of hy. For any a, € C, the following upper bound holds:

K K
g aghy E aghy
k=1 k=1

<

K
+u> ag). (7.10)
k=1

Furthermore, if aj, is chosen such that ’Z,I::l akhk‘ > Vz,le lax|, then the following lower
bound holds:

>

K
E aghy
=1

K
g aghy
=1

K
—v> ag. (7.11)
k=1

Proof. First, write each hy = hy+e, where |e,| < v. Now, we have by the triangle inequality:

K
< Z arhy| +
k=1

K
< Zakhk + I/Z |ag].
k=1

Similarly, by the reverse triangle inequality, we have that:

K

K K K
Zak(hk + ek) > Zakhk - Zakek (7.12)
k=1 k=1 k=1
K K
2 Zakhk — I/Z |ak| (713)
k=1 k=1

O

For the remainder of this paper, we will treat all channel coefficients as if they are
quantized. Thus, we can treat them as if drawn from a discrete set where the probability of
each quantization cell is given by the total probability of all channel coefficients in that cell.
By construction, all quantization cells at a given radius have the same probability. Note
that this depends strongly on the assumption of uniform phase.
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We now recall the notion of strong typicality for sequences of discrete random variables.
Let H = {hp,} be the matrix of (quantized) channel coefficients which takes values in the
set H, P(H) the probability of drawing H under the channel model, and HI"! denote the
sequence of such matrices over T channel uses. Let # (H|H!) denote the number of times
the channel matrix H occurs in the sequence H"J.

Definition 68. A sequence of channel matrices, HI"! is y-typical if:

%#(H|Hm) —PH) <y VHeH. (7.14)

Let AEC denote the set of all y-typical channel matrix sequences.

Lemma 27 (Csiszar-Kérner 2.12). For any i.i.d. sequence of channel matrices, H), the

probability of the set of all y-typical sequences, Az, 1s lower bounded by:

A
4T~?

P(AT) > 1 (7.15)

For a proof, see [63]. Due to the channel quantization, the size of H is [H| = (kn+1)™¥.

We will only work with sequences of channel matrices that are y-typical and declare errors
on the rest. This ensures that nearly all time indices can be matched up appropriately.

7.3 Ergodic Interference Alignment

Since the receivers cannot cooperate, the highest rates are achieved when there is no interfer-
ence between users. Specifically, when h,,, = 0 V{ # m, each receiver sees a point-to-point
channel from its transmitter and can achieve

Ry, =F {log (1 + |hmm|25—;”)} . (7.16)

m

We call this the interference-free rate and we will use it as a benchmark to gauge our
performance.

Remark 31. Note that this assumes a uniform power allocation across all time slots and one
can do better by using the causal channel state information to optimize the power allocation
[25]. For simplicity, we use a uniform power allocation throughout our derivations. The
optimization techniques employed in the point-to-point case can be applied identically to our
results as well. See [I57] for a study of power allocation for fast fading 2-user interference
channels.
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A simple approach to interference management is to have transmitters take turns using
the channel. For instance, if we partition the channel equally between transmitters, each
one can achieve

1 2Pm
R, = ME {log (1 + M || g)] . (7.17)

The extra M factor inside the log comes from saving up power while the transmitter is
required to stay silent. Under this approach, the sum rate stays nearly constant as we add
users to the network. With interference alignment, we can do significantly better. Cadambe
and Jafar’s alignment scheme allows for the sum rate to increase linearly with the number
of users:
M
lim m=t M. (7.18)
Pn—oolog (1+ P,) 2

This means that each user is guaranteed a fixed rate (at high SNR) regardless of the number
of users in the network. We now develop a new technique, ergodic interference alignment,
that allows each user to achieve at least half its interference-free rate at any SNR.

Theorem 36. For the M-user Gaussian interference channel with fast fading and uniform
phases, each transmitter can achieve the following rate:

1 o P
R, =1E [mg (1 2/ %” | (7.19)

Proof. Choose € > 0. For ease of analysis, we divide up our 7" channel uses into two intervals
at the halfway point 7'/2. Using Lemma 7], we have that for T large enough, both intervals
will be y-typical with probability at least (1—5) (with 7 to be specified later). By Definition
68, this means that the number of occurrences of each possible channel matrix in each interval
is bounded as follows:

2o | N

(P(H) —v) < #HHTE) <

o | N

(P(H) + ) (7.20)

for all H € 'H.

Each encoder uses a length \T" codebook C,, for some A > 0 with rate }ém The code-
book is generated elementwise i.i.d. from a circularly symmetric Gaussian distribution with
variance P, — €.

Assume that the intervals are y-typical so that each matrix will occur at least 2 (P(H) — )
times in each interval. A time slot ¢ in an interval is useable unless:

1. The channel matrix HJ[t] contains one or more elements with magnitude larger than
haiax.
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2. The channel matrix H[t] does not violate the threshold but has already occurred at
least Z (P(H) — ) times.

We give a lower bound on the number of useable time slots below which we set to be equal
to the length of the codebook:

AT = %H-m Z|<:h (P(H) — ) (7.21)
- g (1 -7 (m)M27> : (7.22)

Recall that 7 is the probability the channel matrix contains an element larger than hyax
and k and v are parameters in the channel quantization.

During the first interval, each transmitter sends out a new symbol from its length AT
codeword during each useable time slot ¢; and records the channel matrix H[¢;]. We match
up each useable time slot ¢; from the first interval with a useable time slot ¢, from the second
interval for which the channel matrix Hlts] is complementary:

hi1[t1] —hiofta] - —him[td]
—hoi[t1]  hoolth] - —hom[ti]

Hlt,) = : o (7.23)
_hM.l (t1] —humeltl] -+ hum(t]

Note that this can be done using only causal channel knowledge by greedily matching time
slots from the first interval in the order in which they occur. At the end of T" channel uses,
each receiver has access to equations of the form

Yinlt1] = hipm Xm[ta] + Z Pe[t1] X [t1] + Zi[t1] (7.24)
l#m

Yinlta] = him Xm[t1] — Z Prne[t1] X [t1] + Zi[t2]. (7.25)
l#m

Each receiver adds these two equations together to get a nearly interference-free channel.
Since the channel matrices are paired up according to their quantization cells, some residual
interference will remain which we will treat as noise. Using Lemma B8, it can be shown that
the signal-to-interference-and-noise is bounded below as follows:

2
SINR,, > L Cllm| = 2v)

. 2
— 42 Z#m P+ 202, (7.26)

Note that by letting v — 0, we get that SINR,, > 2|h;’;’"F.By choosing v, vy, and 7 small

m
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enough and T large enough, we can guarantee that SINR,, and A\ are such that we can find
a good code with probability of error at most § and rate at least

1 2Pm

Recall also that with probability § the channel is not «-typical. Since the total probability
of error is less than €, we get the desired result. O

Note that this achievable strategy does not, in general, yield the capacity region. For
instance, if the cross-channel gains are very small, then it is better to treat the interference
as noise, rather than spending two channel uses to cancel it out. Thus, for Rayleigh fading,
we can achieve higher rates by using this weak interference strategy over certain channel
matrices and the alignment strategy over the rest. We can also expand the achievable rate
region by time-sharing. One user is given a fraction of the channel uses for its exclusive
use while the rest are used for interference alignment. See the proof of Theorem H{ for an
application to the finite field setting.

For some special cases, it turns out that our strategy is optimal. In [64], Jafar developed
the concept of a “bottleneck state” and showed that ergodic alignment is capacity-achieving.
Roughly speaking, in a bottleneck state, receivers see interference at equal strength to their
desired signal.

Overall, our scheme shows that it is possible to benefit from interference alignment at
finite SNR. Moreover, the analysis is considerably simpler than for the original scheme
proposed in [2T] (with the assumption of uniform phase). It remains an open question
whether this performance can be attained using less channel diversity or more limited channel
state information.

7.4 Recovering More Messages

For the standard interference channel, we assume that each receiver is only interested in
one of the transmitted messages. Here, we generalize our alignment scheme to handle the
case where each receiver attempts to decode more than one message. The problem setup is
largely the same as in Section [l except that now there are M transmitters, each with a
single message w,, with rate R,,, and N receivers that want exactly L messages each. For
simplicity, we will assume that all messages are requested by the same number of receivers.
(Note that this implicitly assumes that % is an integer.) Denote the subset of receivers that
want message m by S,,. In Figure [ we provide a block diagram of a case with M = 4
transmitters, N = 4 receivers, and message requests S; = {1,2}, S, = {2,3},S3 = {3,4},
and Sy = {4,1}.
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Figure 7.2: Interference channel where each receiver wants L. = 2 messages.

7.4.1 Equation Coefficients

As before, we will create equations of the transmitted codewords at the receivers which
can be solved for the desired messages. Essentially, at well-chosen time indices, all encoders
retransmit symbols that were sent at an earlier time. This has the effect of giving the decoders
equations with the symbols as the variables and the coefficients given by the channel. Here,
it is insufficient to look for pairs of matrices that exactly cancel. In general, we will match
up K matrices that allow all receivers to solve for their desired messages.

First, we assume that all channel coefficients are quantized as described in Section [ In
order to ensure that all channel coefficients can be appropriately matched, we only consider
matchings between individual coefficients of the same magnitude. Since the phase of each
coefficient is assumed to be uniform, all equations will have the same probability.

The goal is to specify a set of K equations such that the receiver can recover its desired
messages. Each receiver is free to choose its own equations and repeat transmissions only
occur when all receivers see the appropriate equations. These equations are fully specified
by phase shifts gbg?,)l (with ¢£},2,, = 1 by default). For ease of analysis, these are restricted to
take values on the set {e/® : b = 0, %’r, 47“, e 2”(777_1)} so that they are in correspondence
with the quantization cells. We write the phase shifts at each receiver for the £*" equation
in matrix form below:
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(k) (k) (k)

GEAG) ol

gl - | O P O (7.28)
k) ¢6k> ok
N1 N2 NM

We now show how to match up channel matrices based on these phase shifts. Let AOB =
{@nmbnm } denote the Hadamard product of A and B. We divide up the T' channel uses into
K intervals of length 7'/ K. Using Lemma T, we have that for T large enough, all K intervals

will be v-typical with probability at least (1 — §). By Definition B8, this means that the
number of occurrences of each possible channel matrix in each interval is bounded as follows:

L (pH) - ) < #(HET/A) <

- (P(H) +7) (7.29)

=1

for all H € H.

Each encoder uses a length AT codebook C,,, with rate R,, generated i.i.d. from a circu-
larly symmetric Gaussian distribution with variance P,, — .

Assume that the intervals are y-typical. Each matrix will occur at least + (P(H) — )
times in each interval. During the first time interval, each encoder transmits a new symbol
from its codeword at each time step ¢ unless:

1. The channel matrix HJ[t] contains one or more elements with magnitude larger than
hniax.

2. The channel matrix H[t| does not violate the threshold but has already occurred at
least ~ (P(H) — ) times.

We give a lower bound on the number of useable time slots below which we set to be equal
to the length of the codebook:

AT = %H.h XK:h (P(H) — ) (7.30)
= % (1—7—(s)""y). (7.31)

We then match up used time slots from the first interval with time slots in the remaining
K — 1 intervals. During the ™ time interval, when the channel matrix ®* ©® H occurs,
it is matched with the first unmatched time slot from the first interval that had channel
matrix H. The encoders retransmit the symbols from the first interval for all matched time
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slots. Since are intervals are assumed to be y-typical, all = (P(H) — ~) time indices for each
matrix from the first interval can be successfully matched.
After T' time steps, receiver n has access to equations of the form:

M
yH = Z P + 2D (7.32)
m=1
M
U2 =" G0 P, + 2 (7.33)
m=1
(7.34)
M
y B = Z O By + 2 (7.35)

[y

m=

where z,, are the symbols from a single index in the chosen codewords, h,,,, are fixed channel
coefficients (up to the quantization cells), and 2\ are the noise terms from the matched time
indices.

Given these equations, the receiver attempts to recover the symbols from its desired by
applying linear transformations. For each desired symbol x;, the receiver forms an estimate:

K
W = Y (7.36)
k=1
M K K
=" b Y all) o) +> " all) 2P (7.37)
m=1 k=1 k=1

for some choice of ag? e C.
Let 0[¢] be the Kronecker delta function. The following lemma establishes a worst-case
signal-to-interference-and-noise ratio (SINR) for the channel between x, and w,.

Lemma 28. Assume that ¢£{i% and CLS? are chosen such that 22{:1 ai?&ﬁ,)l = B[l — m)] for
some 3 > 0. Then, the AWGN channel between symbol x, and estimate u,, has an SINR
that is lower bounded by:

2
A CIE )

SINR > 5 .
K k K k
% (Zkzl |a1(1£)|> Zm# P02 i |a£w)|2
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Furthermore, as v goes to zero, we have that:

P 2 2
lim SINR > fﬁ}{'h’“'(k) . (7.38)
vi0 On D e |y |2

Proof. First, we lower bound the signal power which is slightly diminished due to channel
quantization. By Lemma B0, the signal power is lower bounded as follows:

2 K 2
> P, (ﬁ\hnd =23 \afj‘?o . (7.39)
k=1

Now, we upper bound the power of the remaining interference due to quantization. Again,
by Lemma 28, the power of each interferer m # ¢ at receiver n is upper bounded as follows:

K 2
<P, <0 +uvy |a§j?|) . (7.40)
k=1

Finally, the noise terms 2 are each weighted by ag? in u,e. Since the noise is i.i.d. across
time, we get that o2 S°K  |a®)|2 as the power of the sum of the noise.

Py

K
> an bty
k=1

2
P,

K
> aimhum ol
k=1

O

The requirements on ag}) and gbgﬁ,)l in Lemma 28 can be restated as a matrix condition.
Let A,, and ®,, be defined as

BN
a/ a/ o .. a/
e (7.41)
L @
- 1 1
&
= | O Om o Our | (7.42)
Lo o’ o b
Assume that receiver n wants messages with indices ¢q,/s,...,¢;. Then the following
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condition is equivalent to 25:1 asz)qbﬁﬁ)l = Bo[l; —m] fori=1,2,... I
o6y — 1] o[y —2] --- O[¢y — M]
A®, — 3 5[62'— 1] 5[62.— 2] d[ls — M]|
Sl —1] o[t —2] - o[ty — M]

Example 15. For the standard interference channel, we have that N = M and S,, = {m}.
The framework above can be used to derive Theorem Bf. Each receiver uses K = 2 equations
to recover its desired messages w,,. The phase shifts are given by ¢5,§Zn =1 and ¢$3,21 = —1 for
n # m. The messages are recovered using a'sh = a2, = 1. It follows that Zizl o) oW —
26[n — m]. Applying Lemma 28 we get the desired result.

Let wx = /27K denote the K™ root of unity and let W be the size K discrete Fourier
transform (DFT) matrix:

- 0 0 0 0 .
wK wK CUK AR wag .
0 1 2 -
0 2 4 2(K-1
Wg = | Wk Wk Wk T Wi : (7.43)
0 K-1  2(K-1) (K—-1)?
| W Wk Wi T Wi J

Recall that the inverse DFT matrix has the following form:

0 0 0 b

B wK wK . e wK
. w?{, w;{l e wl_((K_l)
Wil = = W wi? w;(K_l) . (7.44)
Lwfe wg™D e

Theorem 37. For the fast fading Gaussian interference channel with uniform phase and N
receivers that want L messages, each transmitter can achieve the following rate:

R, = min
TLGSm

! L E [log (1 + (L + 1)|hnm|2%)} : (7.45)

n

Proof. Without loss of generality, assume that receiver n is interested in messages from trans-
mitters 1,2,..., L. (Otherwise, just reindex the transmitters.) To recover these messages,
the receiver needs L + 1 equations: L for the messages and one for the interference. The
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phase coefficients are chosen from the DFT matrix of size Wp.1:

exp M) t=12...,L

s — I+1
") exp %) (=L+1,L+2,.... M

and the recovery coefficients are chosen from the inverse DFT matrix Wy scaled by L+ 1:

k —j2n(t—1)(k—1)
a%zexp( T 1 for{=1,2,...,L

This immediately gives that A, ®,, = (L + 1)I. We can now apply Lemma B8 to show that
the resulting channel from each transmitter has SINR,, no worse than:

Py (L + 1) || = (L + 1)v)?
(L+ 1223, P+ (L+ 1)k

SINR,,; >

Since the message from transmitter ¢ is multicast to several receivers, the rate is governed
by the worst channel:

SINR, = min SINR,,, (7.46)

neSy

By choosing v,v and 7 small enough and T large enough, we can guarantee that SINR, is
such that we can find a good code to all receivers with probability of error at most 5 and
rate at least

. 1 QPZ
min +— 1E {log (1 + (L 4 1)| el U—%)] — €. (7.47)

Recall also that with probability § the channel is not «-typical. Since the total probability
of error is less than €, we get the desired result. O

One way to think about the L 4+ 1 equations used in this scheme is that we use one
equation for each desired message and one for all of the remaining interference. The choice
of the DFT matrix for our coefficients allows us to extract the maximum possible coherence
gain out of these L+ 1 time slots. Note that if we simply extended the scheme from Theorem
Bd to cancel out the interference from each desired message one-by-one, we could not achieve
the same rates. Specifically, if we have
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1 1 1 1 1
1 -1 -+ —1 —1 --- —1
¢, = S S : (7.48)
-1 -1 1 -1 —1
then we only achieve a rate of
. 1 o P
R, = min - 1E {log (1 + 2| Ayl a_,%)} . (7.49)
It can be shown that in the high SNR limit, this scheme achieves the sum degrees-of-
freedom % using similar upper bound techniques as found in [2T].

7.5 X Message Set

We now turn to a variant of the interference channel, the X channel, that has garnered sig-
nificant attention [65 @T; P2]. In this scenario, there are M transmitters and N receivers and
each transmitter has an independent message for each receiver. For the single antenna case,
Cadambe and Jafar showed that the sum degrees-of-freedom is % using interference
alignment [22]. Here, we extend this result to the finite SNR regime for the special case
of N = 2 receivers. Let w,,, denote the message sent from the m' transmitter to the ¢
receiver where /¢ takes values from 1 to N. Each message has rate R,,,. In Figure [[3, we

give a block diagram of an X message set for M = 2 transmitters and N = 2 receivers.
Zy

X4 % Y; P
W11, W12 — 51 Dl W11, W21

H(t) le
Wa1, Waz—| &, X2 —@L Dy |12, Wa

Figure 7.3: X message set for M = 2 transmitters and N = 2 receivers.

Unlike in our previous schemes, we cannot hope for the channel to generate an indepen-
dent coefficient for every message. Transmitters must artificially separate their messages by
premultiplying them by phases. This leaves us with fewer variables to work with to align
the interference at every receiver.
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For simplicity, we assume each transmitter splits its power equally between its messages
w1 and w,,s. The phase rotations at the transmitter for the k™ equation are given by 6’%
and 9,(7]2 This results in the following channel input:

X8 =" x 1+ 0% X, (7.50)

It is also convenient to represent these phases in matrix form:

o 05 - O
9(2) 9(2) 9(2)

Q,=| " Mno (7.51)
o O - Ohp,

We are also free to choose the phases provided by the channel <b£§,)1 The receivers see
equations of all transmitted messages of the following form:

Z¢ B (05 1+ 03 22) + 24 (7.52)

Z¢ R (001 Tt + Oy Tnz) + 257 (7.53)

We can represent all of the phases seen at each receiver in a single matrix by ordering
the messages as follows wiq, waq, ..., Wy, Wig, Waa, . . ., ware. The matrix of phases is

B,=[0,08, 6,0, (7.54)

The key is to choose all of the phases such that the left half of B,, is full rank at receiver 1
and composed of identical columns at receiver 2 while at the same time ensuring the right
half is full rank at receiver 2 and composed of identical columns at receiver 1. This is indeed
possible as shown by the following theorem.

Theorem 38. For the X message set with N = 2 receivers, the following rates are achievable:

E {bg (1 L MF 1\hnm\2 . )} (7.55)

Proof. We will show that it is possible to design the phases so that both receivers see a
DFT matrix with independent columns for the desired messages and the same column for

R
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undesired messages. Choose the phases as follows:

j2m(m — 1)k
72 Mk
%) = exp ( Ml ) (7.57)
© _ 4 (7.58)
A —j2m(m — 1)k
é,% = exp ( Ml (7.59)

Let a = exp(j2n/(M + 1)). We get that B, is equal to:

1 1 1 1 1 1
1 « aM-1) M M aM
1 aM a(M;l)M aM2 aMZ aMZ
and B, is equal to:
11 1 1 1 1
1 1 1 oM aM-1 «Q
1 1 P 1 aM2 aM(M_l) P aM

Now, receivers 1 and 2 can treat this as a multicast problem and choose A; to be the first M
columns of the size M + 1 inverse DFT matrix and Ay to be the last M columns. Following
the remaining steps in the proof of Theorem B4 yields the desired result. O

It is not clear how this result can be extended beyond the two receiver case. Ideally,
we would like to choose transmitter phase rotations and channel phases to get a matrix of
phases

B,=0,0®, 6,0®, --- Oyod, (7.60)

that allows us to appropriately align interference at all receivers. In the best case, we would
only need M equations for our desired messages and N — 1 for the interference from messages
intended for other receivers.
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7.6 Time-Varying Finite Field Interference Channel

For the Gaussian case, it has been sufficient to match up channel matrices and add up the
resulting channel outputs. The simplicity of this strategy is in some ways an artifact of the
Gaussian setting. In general, the receivers may need to perform a decoding step prior to
combining the observed signals to avoid noise build-up. In this section, we consider a finite
field interference channel with fast fading and derive the entire capacity region. FEach receiver
groups together time instances with the same channel coefficients and decodes a function of
the messages, using a computation code from Chapter @. By combining two appropriately
chosen functions, the interference can be completely removed.

The problem statement is identical to that in Section [l except for the channel model.
We assume that all additions and multiplications are carried out over a finite field IF,.

Definition 69 (Channel Model). We assume that the channel inputs and outputs take
values on the same finite field F,. The channel output observed by each receiver is a noisy
linear combination of its inputs:

Yoult] =Y hnel[t]Xo[t] + Zont] (7.61)

where the h,,[t] are time-varying channel coefficients and Z,,[t] is additive i.i.d. noise drawn
from a distribution that takes values on uniformly on {1,2,...,¢ — 1} with probability p
and is zero otherwise. We define the entropy of Z;(t) to be 0 < H(Z) < log, q. We assume
that at each time step each channel coefficient is drawn independently and uniformly from
F,\{0}. The transmitters and receivers are given access to the channel realizations causally.
That is, before time ¢, each transmitter and receiver is given h,,[t] for all m and /.

Remark 32. Our results can be extended to the case where the channel coefficients are
sometimes zero through simple counting arguments. However, this considerably complicates
the description of the capacity region.

Lemma 29. There exists a bijection, g : Fé\“M — Fé\“M such that H+ g(H) =1, VH
where I is the identity matriz.

Proof. Let f :F, — F, be the bijection such that f(a)+ o =1 for all a € F,. Since F, is a
finite field, f(-) is guaranteed to exist. Then, define g(-) as follows:

f(hu)  —hia -+ —hiy
o(H) = —{121 f(}:hz) —hzzM (7.62)
—hart —hare oo+ f(haw)
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where —hy, is the additive inverse of hyy. Clearly, g(H) + H =1 and ¢(-) is a bijection. [

The basic idea underlying our scheme is to add together two well-chosen channel outputs
such that the interference exactly cancels out. However, for the finite field model, if we do
this in an uncoded fashion, we risk accumulating noise. Thus, we denoise the desired linear
functions using the computation code from Theorem [l prior to combining them together.

We will now show that all users can achieve half the single user rate simultaneously.
Note if a transmitter-receiver pair had the channel to themselves, they could achieve an
interference-free rate of logq — H(Z).

Theorem 39. For the M-user finite field interference channel with fast fading, each trans-
mitter can achieve the following rate :

Reyu = y(logq — H(2)) (7.63)

Proof. For any € > 0, let v be a small positive constant that will be chosen later to satisfy
our rate requirement. Using Lemma P, choose T' large enough so that P(AT) > 1 — ¢
Assume that v and T are chosen such that T (‘H‘ 7) is an even integer. Now condltlon

on the event that the sequence of channel matrices, H"!, is y-typical. Since the channel
coefficients are i.i.d. and uniform, the probability of any channel H € H is % Since H!"
is v-typical we have that for every H € 'H:

(L _ v) <#MHHT)<T ! — (7.64)
H| H|

We will only use the first T'( = iz 7) indices for each channel realization H € H. This results
in losing at most a v fraction of the total rate. Group together all useable time indices
that have channel realization H and call this set of indices 7. We will encode for each
Ta separately For each channel realization H, transmitter ¢ generates a message wyy € IF’;
where k = (|H| v)(log q) 7 (Resyn — 5)-

Using a Computatlon code from Theorem [[], each transmitter ¢ sends its message Wy

during the first T(“lﬂ v) time indices in 7. Receiver m makes an estimate Qg of

UmH = Ze 1 P Wem .-
For each channel realization H € H, pair up the first T(

T
the last (‘H‘

procedure pairs up all of the channel indices. During the last T(

|H| 7v) blocks with H with
7v) blocks with g(H) using ¢(-) from Lemma B9 Since g is a bijection, this
i 7) indices with channel
g(H), the transmitters resend the message wyg using a computation code from Theorem [[T].

The receivers make an estimate V,,u of Vi = Vi = f (R ) Wi — Y, 4m homeWerr Where
f(+) is the function such that f(hmye) + hme = 1.
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For T large enough, the total probability of error for all computation codes is upper
bounded by £. Receiver m makes an estimate of w,,i by simply adding up the two equations
to get W,,g = U + V. Note that the transmitters do not know a priori which time
indices will be successfully paired. To deal with this, the transmitters use an erasure code
with rate at least (1 — 7)Rsyn — 5 with probability of error no greater than £ over all
transmissions. By choosing v small enough, we finally get that each receiver can recover its
message at a rate greater than %(logq — H(Z)) — e with probability of error less than € as

desired. ]

Theorem 40. For the M-user finite field interference channel with fast fading, any rate
tuple (Ry, ..., Ryr), satisfying the following inequalities is achievable:

R+ R, <logq— H(Z), Vm#L. (7.65)

First, we will give an equivalent description of this rate region and then show that any
rate tuple can be achieved by time sharing the symmetric rate point from Theorem B3 and
a single user transmission scheme.

Lemma 30. Assume, without loss of generality, that the users are labeled according to rate
in descending order, so that Ry > Ry > --- > Ry;. The achievable rate region from Theorem
is equivalent to the following rate region:

Ry <logq— H(Z) (7.66)
1
Rm§min{logq—H(Z)—R1,§(logq—H(Z))}, m > 2

Proof. The key idea is that only one user can achieve a rate higher than (logq — H(Z)).
From (Z63), we must have that Ry 4+ Ry <logq— H(Z) so if Ry > £(logq— H(Z)) all other
users must satisfy R, < logq — H(Z) — Ry. If Ry < {(logq — H(Z)), then we have that
Ry, < 3(logq — H(Z)) for all other users since the rates are in descending order. O

Proof of Theorem [{}. We show that the equivalent rate region developed by Lemma B0 is
achievable by time-sharing. First, we consider the case where Ry > 3(logq — H(Z)). Let
a=2(1- bgq’fﬁ). We allocate aT" channel uses to the symmetric scheme from Theorem
For, the remaining (1 — )T channel uses, users 2 through M are silent, and user 1
employs a capacity-achieving point-to-point channel code. This results in user 1 achieving
its target rate R;:

a(logq ; H(Z)) +(1—a)(logq— H(Z)) (7.67)

=logqg— H(Z)— Ry —logq+ H(Z)+ 2R, = R4
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and users 2 through M achieving R,,, =logq— H(Z) — Ry. If Ry < L(logq— H(Z)), we can
achieve any rate point with the use of the symmetric scheme from Theorem B9 O

Finally, we will give an upper bound using the techniques in [ZT] to show that the achiev-
able rate region in Theorem M is the capacity region.

Theorem 41. For the M-user finite field interference channel with fast fading, the capacity
region is the set of all rate tuple (Ry, ..., Ry) satisfying:

R+ R, <logq—H(Z), Vm#L. (7.68)

Proof. The required upper bound follows from steps similar to those in Appendix II of [2T].
Without loss of generality, we upper bound the rates of users 1 and 2. Note that the capacity
of the interference channel only depends on the noise marginals. Thus, we can assume that
Zy[t] = hao[t](haa[t]) ™ Zs[t]. Let Yalt] = hao[t](hoolt]) "' Yalt].

We give the receivers full access to the messages from users 3 through M as this can only
increase the upper bound. Let er = (Ry + Ry)P. + hp(P.) where P, is the probability of
error. From Fano’s inequality, we have that T'(R; + Rs) is upper bounded as follows:

T(Ry + Ry) < I(wy; V') 4 I(wy;wy, Vo) + Ter
(wy; YD) + I(ws; YT|w1, DY+ Ter
(w1; YT) + I (wa; {haa(t) Xo(t) + Z1(8) } oy [wi, XT) + Ter
( )
(
)

=1

=1

T
1

s I(wa; {ha1 () X1 (t) + ha(t) Xa(t) + Z1 () }y lwi, XT) + Ter
wl,Y1T + I(wa; Y |w1) + Ter

>~<

W1,

I
= I(wl,w% )—I—TET
< T(logqg— H(Z))+ Ter

As the probability of error P, tends to zero, ey — 0 which yields Ry + Ry < logq — H(Z).
Similar outer bounds hold for all receiver pairs ¢ and m. Comparing these to the achievable
region in Theorem H{ yields the capacity region. O

Overall, ergodic interference alignment shows how much can be gained by coding over
parallel interference channels. While in the Gaussian case, we can simply add up two well-
matched channel outputs, in general, we can think about this alignment scheme as organizing
the computations naturally provided by the channel.
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Conclusions

In this thesis, we have shown that it is possible to efficiently and reliably evaluate a function
over a noisy channel. Through codes with an appropriately matched algebraic structure,
the redundancy required to overcome noise can be added in a distributed fashion. These
computation codes are clearly useful in situations where we are interested in a function of
the observed data. In many communication networks, the goal is to exchange messages
between users, not functions thereof. In this case, we demonstrated that it is beneficial to
view interference between transmitters as implicit computation and structure our commu-
nication strategy accordingly. This lead us to the compute-and-forward relaying strategy:
intermediate nodes decode the function of messages that is available at the highest rate and
pass it towards the destination which, given enough functions, can infer its desired messages.
Since this strategy works with the interference inherent to a communication network, the
end-to-end throughputs are often higher than for the usual routing strategies that fight the
interference.

We close with a discussion of some research directions that are a natural extension of the
problems considered in this thesis.

Directions

e A New Architecture for Wireless Networks. The current modality for most
wireless networks is a hub-and-spoke architecture. Users in a network are assigned to
a single basestation which uses multiple-access codes for the uplink (many-to-one) and
broadcast codes for the downlink (one-to-many). The basestations are in turn linked up
by a wired network. As the number of wireless devices increases, this paradigm may
eventually be replaced by a many-to-many architecture that makes use of advances
in cooperative communications. Compute-and-forward provides a modular, digital
solution for the physical layer of a many-to-many architecture: relay nodes work with
equations of bits (or symbols over a finite field). Moreover, the underlying computation
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codes are linear, a condition usually imposed for its practical merits. While in this
thesis we focused on finding the linear codes with the highest rates, in practice we
can use any linear code. Of course, there are many other issues to consider, such as
synchronization, but we believe that these can be overcome using the same techniques
used in current systems. From one point of view, the usual encoding and decoding
process is essentially unchanged under compute-and-forward except that the encoders
all use the same codebook and the decoder acts as if there were only one transmitter.

e Necessity of Algebraic Structure. Our results make a strong case that algebraic
structure is useful for proving capacity theorems for networks. Yet, we do not know
if such structure is necessary. Although new upper bound techniques will be needed
to answer such a question, we conjecture that algebraic structure is indeed required.
The answer would have both philosophical and practical consequences as it would shed
some light on what, if not bits, should be the currency of distributed information.

e Beyond Linear Functions. The bulk of our results are for scenarios where both
the channel and the desired function are linear with respect to some field. This is,
in part, due to the availability of good linear and lattice code constructions. Ideally,
we would like to find non-linear structured codes that can be used towards building
computation codes for general channels and functions. It may be that without the
symmetries inherent to linear codes, it may be very difficult to build and analyze a
structured code. In the meantime, progress can be made by extending the hybrid
computation coding strategy from Chapter [ in which users first transmit uncoded to
take advantage of the channel’s natural (noisy) function and then send linear update
bins.

e Outer Bounds Most outer bound arguments focus on the statistical dependencies
between users in a network. Based on the network topology and the channel charac-
teristics, they attempt to place limits on both the probability distributions that can be
generated and the resulting mutual information expressions. Clearly, these arguments
do not suffice for the problems considered in this thesis as they do not address the role
of structural mismatch. If the channel provides a (noisy) function but we would like
to evaluate another, what is the penalty? This requires new tools that focus on both
the algebraic and the statistical constraints in the problem.

Overall, our aim has to been to challenge the current thinking about computation and
noise. Usually, we try to eliminate noise first and then perform our desired computations.
Our results provide a glimpse of what is possible if we allow for noisy, local computations
while aiming for reliable, global objectives.

171



Bibliography

AGRAWAL, S., AND VISHWANATH, S. On the secrecy rate of interference networks
using structured codes. In Proceedings of the IEEE International Symposium on In-
formation Theory (ISIT 2009) (Seoul, South Korea, June 2009).

AHLSWEDE, R. Group codes do not achieve Shannon’s channel capacity for general
discrete channels. The Annals of Mathematical Statistics 42, 1 (February 1971), 224—
240.

AHLSWEDE, R. Multi-way communication channels. In Proceedings of the 2nd Inter-
national Symposium on Information Theory, Prague (1971), Publishing House of the
Hungarian Academy of Sciences, pp. 23-52.

AHLSWEDE, R., CA1, N., L1, S.-Y. R., AND YEUNG, R. W. Network information
flow. IEEE Transactions on Information Theory 46, 4 (July 2000), 1204-1216.

AHLSWEDE, R., AND HAN, T. S. On source coding with side information via a
multiple-access channel and related problems in multi-user information theory. IEFE

Transactions on Information Theory 29, 3 (May 1983), 396-412.

ALEKSIC, M., RAZAGHI, P., AND YU, W. Capacity of a class of modulo-sum relay
channels. IEEE Transactions on Information Theory 55, 3 (March 2009), 921-930.

ALON, N., AND SPENCER, J. H. The Probabilistic Method, 2nd ed. Wiley-Interscience,
New York, NY, 2000.

ANNAPUREDDY, V. S., AND VEERAVALLI, V. V. Gaussian interference networks:
Sum capacity in the low-interference regime and new outer bounds on the capacity
region. IEEE Transactions on Information Theory 55, 7 (July 2009), 3032-3050.

AprpuswaMy, R., FRANCESCHETTI, M., KARAMCHANDANI, N., AND ZEGER, K.
Network coding for computing. In /6th Annual Allerton Conference on Communica-
tions, Control, and Computing (Monticello, IL, September 2008).

172



BIBLIOGRAPHY

[10]

[11]

[12]

AvsaL, T. C., CoaTEs, M. J., AND RABBAT, M. G. Rates of convergence of
distributed average consensus using probabilistic quantization. In /5th Annual Allerton
Conference on Communications, Control, and Computing (Monticello, 1L, September

2007).

AvsaL, T. C., YiLpiz, M. E., SARWATE, A. D., AND SCAGLIONE, A. Broadcast

gossip algorithms for consensus. IEEE Transactions on Signal Processing 57, 7 (July
2009), 2748-2761.

Baswa, W. U., SAYEED, A. M., AND NowAKk, R. Matched source-channel com-
munication for field estimation in wireless sensor networks. In Proceedings of the
ACM/IEEE International Conference on Information Processing in Sensor Networks
(IPSN 2005) (Los Angeles, CA, April 2005), pp. 332-339.

BeNEziT, F., Dimakis, A. G., THIRAN, P., AND VETTERLI, M. Order-optimal
consensus through randomized path averaging. In Annual Allerton Conference on
Communications, Control, and Computing (Monticello, IL, September 2007).

BERGER, T., ZHANG, Z., AND VISWANATHAN, H. The CEO problem. IFEE Trans-
actions on Information Theory 42, 3 (May 1996), 887-902.

BHADRA, S., GUPTA, P., AND SHAKKOTTAI, S. On network coding for interference

networks. In Proceedings of the IEEFE International Symposium on Information Theory
(ISIT 2006) (Seattle, WA, July 2006).

BORADE, S., ZHENG, L., AND GALLAGER, R. Amplify-and-forward in wireless relay

networks: Rate, diversity, and network size. IEEE Transactions on Information Theory
53, 10 (October 2007), 3302-3318.

Boyp, S., GHOSH, A., PRABHAKAR, B., AND SHAH, D. Analysis and optimization

of randomized gossip algorithms. In Proceedings of the 43rd IEEE Conference on
Decision and Control (CDC 2004) (Atlantis, Bahamas, December 2004).

Boyp, S., GHOSH, A., PRABHAKAR, B., AND SHAH, D. Randomized gossip algo-
rithms. IEEE Transactions on Information Theory 52, 6 (June 2006), 2508-2530.

BRESLER, G., PAREKH, A., AND TSE, D. The approximate capacity of a one-
sided interference channel. In 45th Annual Allerton Conference on Communications,
Control, and Computing (Monticello, IL, September 2007).

BRESLER, G., AND TSE, D. N. C. 3 user interference channel: Degrees of freedom as a
function of channel diversity. In 47th Annual Allerton Conference on Communications,
Control, and Computing (Monticello, IL, September 2009).

173



BIBLIOGRAPHY

[21]

CADAMBE, V. R., AND JAFAR, S. A. Interference alignment and the degrees of
freedom for the K user interference channel. IEEFE Transactions on Information Theory

5/, 8 (August 2008), 3425-3441.

CADAMBE, V. R., AND JAFAR, S. A. Interference alignment and the degrees of
freedom of wireless X networks. IEFE Transactions on Information Theory 55, 5

(May 2009), 2334-2344.

CADAMBE, V. R., AND JAFAR, S. A. Multiple access outerbounds and the insepara-
bility of parallel interference channels. IEEE Transactions on Information Theory 55,

9 (September 2009), 3983-3990.

CADAMBE, V. R., JArFAR, S. A., AND WANG, C. Interference alignment
with asymmetric complex signaling - settling the Host-Madsen-Nosratinia conjec-
ture. In IEEE Transactions on Information Theory (Submitted April 2009). See
http://arxiv.org/abs/0904.0274.

CAIRE, G., AND SHAMAI (SHITZ), S. On the capacity of some channels with channel
state information. IEEE Transactions on Information Theory 45, 6 (September 1999),
2007-2019.

CARLEIAL, A. B. Interference channels. IEEFE Transactions on Information Theory
21, 5 (September 1975), 569-570.

CHEN, J., ZHANG, X., BERGER, T., AND WICKER, S. An upper bound on the sum-
rate distortion function and its corresponding rate allocation schemes for the CEO
problem. [EEE Journal on Selected Areas in Communications 22, 6 (August 2004),
977-987.

CovVER, T., EL. GAMAL, A., AND SALEHI, M. Multiple access channels with arbi-
trarily correlated sources. IEEE Transactions on Information Theory 26, 6 (November

1980), 648-657.

CovVER, T., AND THOMAS, J. FElements of Information Theory, 2nd ed. Wiley-
Interscience, Hoboken, NJ, 2006.

CovVER, T. M. A proof of the data compression theorem of Slepian and Wolf for
ergodic sources. IEEE Transactions on Information Theory 21, 3 (March 1975), 226
228.

CoOVER, T. M. Comments on broadcast channels. IEEE Transactions on Information
Theory 44, 6 (October 1998), 2524-2530.

174



BIBLIOGRAPHY

[32]

[33]

CoVER, T. M., AND EL. GAMAL, A. Capacity theorems for the relay channel. I[EFEFE
Transactions on Information Theory 25, 5 (September 1979), 572-584.

DABORA, R., AND SERVETTO, S. D. On the role of estimate-and-forward with time

sharing in cooperative communication. IEEFE Transactions on Information Theory 5/,
10 (October 2008), 4409-4431.

DimaAKis, A. G., SARWATE, A. D., AND WAINWRIGHT, M. J. Geographic gossip:

Efficient aggregation for sensor networks. IEEE Transactions on Signal Processing 56,
3 (March 2008), 1205-1216.

DoBRUSHIN, R. L. Asymptotic optimality of group and systematic codes for some
channels. Theory of Probability and its Applications 8, 1 (1963), 47-59.

DoHLER, M., GKELIAS, A., AND AGHvVAMI, H. 2-hop distributed MIMO commu-
nication system. Electronics Letters 39, 18 (September 2003), 1350-1351.

DosHI, V., SHAH, D., MEDARD, M., AND JAGGI, S. Distributed functional compres-
sion through graph coloring. In Data Compression Conference (DCC 2007) (Snowbird,
UT, March 2007).

EL GaMAL, A., HASSANPOUR, N., AND MAMMEN, J. Relay networks with delays.
IEEFE Transactions on Information Theory 53, 10 (October 2007), 3413-3431.

Evrias, P. Coding for noisy channels. IRE Convention Record 4 (1955), 37-46.

Erias, P., FEINSTEIN, A., AND SHANNON, C. E. A note on the maximum flow
through a network. IRE Transactions on Information Theory 2, 4 (December 1956),
117-119.

Erez, U., LITSYN, S., AND ZAMIR, R. Lattices which are good for (almost) every-
thing. IEEE Transactions on Information Theory 51, 10 (October 2005), 3401-3416.

Ergz, U., AND ZAMIR, R. Achieving %log (1+ SNR) on the AWGN channel with
lattice encoding and decoding. I[IEEE Transactions on Information Theory 50, 10
(October 2004), 2293-2314.

EREzZ, U., AND ZAMIR, R. A modulo-lattice transformation for multiple-access chan-
nels. In Proceedings of the 25th Annual Convention of Electrical and Electronic Engi-
neers in Israel (Eilat, Israel, December 2008).

ETkiN, R. H., Tsg, D. N. C., AND WANG, H. Gaussian interference channel ca-

pacity to within one bit. IEEE Transactions on Information Theory 54, 12 (December
2008), 5534-5562.

175



BIBLIOGRAPHY

[45]

FENG, H., EFFROS, M., AND SAVARI, S. Functional source coding for networks with
receiver side information. In 42nd Annual Allerton Conference on Communications,
Control, and Computing (Monticello, IL, September 2004).

FrajoLET, P., AND MARTIN, G. Probabilistic counting algorithms for data base
applications. Journal of Computer and System Sciences 31, 2 (1985), 182-209.

ForD, L. R., AND FULKERSON, D. R. Maximal flow through a network. Canadian
Journal of Mathematics 8 (1956), 399-404.

ForDp, L. R., AND FULKERSON, D. R. Flows in Networks. Princeton University
Press, Princeton, NJ, 1962.

GALLAGER, R. Information Theory and Reliable Communication. John Wiley and
Sons, Inc., New York, 1968.

GamMAL, H. E., CAIRE, G., AND DAMEN, M. O. Lattice coding and decoding achieve
the optimal diversity-multiplexing tradeoff of MIMO channels. IEEE Transactions on
Information Theory 50, 6 (June 2004), 968-985.

GASTPAR, M. To Code or Not To Code. PhD thesis, EPFL, 2002.

GASTPAR, M. Uncoded transmission is exactly optimal for a simple Gaussian “sensor”
network. IEEE Transactions on Information Theory 54, 11 (November 2008), 5427—
5251.

GASTPAR, M., AND VETTERLI, M. On the capacity of wireless networks: The
relay case. In Proceedings of the 21st Annual International Conference on Computer
Communications (INFOCOM 2002) (New York, NY, June 2002), vol. 3, pp. 1577 —
1586.

GASTPAR, M., AND VETTERLI, M. Source-channel communication in sensor net-
works. In Proceedings of the ACM/IEEE International Conference on Information

Processing in Sensor Networks (IPSN 2003) (New York, NY, April 2003), L. J. Guibas
and F. Zhao, Eds., Lecture Notes in Computer Science, Springer, pp. 167-177.

GASTPAR, M., AND VETTERLI, M. On the capacity of large Gaussian relay networks.
IEEFE Transactions on Information Theory 51, 3 (March 2005), 765-779.

GIRIDHAR, A., AND KUMAR, P. R. Computing and communicating functions over

sensor networks. IEEE Journal on Selected Areas in Communications 23, 4 (April
2005), 755-764.

176



BIBLIOGRAPHY

[57]

[58]

[59]

[60]

GURrUswAMI, V. Rapidly mixing markov chains: A comparison of techniques. Unpub-
lished. See http://www.cs.cmu.edu/~venkatg/pubs/papers/markov-survey.ps, 2000.

HaN, T. S., AND KoBAYASHI, K. A new achievable rate region for the interference
channel. IEEE Transactions on Information Theory 27, 1 (January 1981), 49-60.

He, X., AND YENER, A. Providing secrecy with structured codes: Tools and ap-
plications to two-user Gaussian channels. IEEE Transactions on Information Theory

(Submitted July 2009). See http://arxiv.org/abs/0907.5388.

Ho, T., KARGER, D. R., MEDARD, M., AND KOETTER, R. Network coding from

a network flow perspective. In Proceedings of the IEEE International Symposium on
Information Theory (ISIT 2003) (Yokohama, Japan, June 2003).

Ho, T., MEDARD, M., KOETTER, R., KARGER, D. R., EFFROS, M., SHI, J., AND
LEONG, B. A random linear network coding approach to multicast. IEEE Transactions
on Information Theory 52, 10 (October 2006), 4413-4430.

I. CsiSzAR. Linear codes for sources and source networks: Error exponents, universal
coding. IEEFE Transactions on Information Theory 28, 4 (July 1982), 585-592.

I. CsiszAR, AND KORNER, J. Information Theory: Coding Theorems for Discrete
Memoryless Systems. Academic Press, New York, 1982.

JAFAR, S. A. The ergodic capacity of interference networks. IEEE Transactions on
Information Theory (Submitted July 2009). See http://arxiv.org/abs/0902.0838.

JAFAR, S. A., AND SHAMAI (SHITZ), S. Degrees of freedom region for the MIMO
X channel. IEEE Transactions on Information Theory 54, 1 (January 2008), 151-170.

JAGar, S., CHou, P., AND JAIN, K. Low complexity algebraic network codes. In
Proceedings of the IEEE International Symposium on Information Theory (ISIT 2003)
(Yokohama, Japan, June 2003).

JEON, S.-W., AND CHUNG, S.-Y. Capacity of a class of multi-source relay net-
works. IEEFE Transactions on Information Theory (Submitted July 2009). See
http://arxiv.org/abs/0907.2510.

KarTI, S., GOLLAKOTA, S., AND KATABI, D. Embracing wireless interference:
Analog network coding. In ACM SIGCOMM (Kyoto, Japan, August 2007).

KatT1, S., RAHUL, H., HU, W., KATABI, D., MEDARD, M., AND CROWCROFT,
J. XORs in the air: Practical wireless network coding. In ACM SIGCOMM (Pisa,
Italy, September 2006).

177



BIBLIOGRAPHY

[70]

[71]

[72]

73]

[74]

KawabpiA, V., AND KUMAR, P. R. A cautionary perspective on cross-layer design.
IEEFE Wireless Communications Magazine 12, 1 (February 2005), 3—11.

KHUDE, N., PRABHAKARAN, V., AND VISWANATH, P. Harnessing bursty interfer-
ence. In Proceedings of the IEEE Information Theory Workshop (ITW 2009) (Volos,
Greece, June 2009).

KM, Y.-H. Capacity of a class of deterministic relay channels. IEEE Transactions
on Information Theory 54, 3 (March 2008), 1328-1329.

KirTI, S., SCAGLIONE, A., AND THOMAS, R. J. A scalable wireless communication

architecture for average consensus. In Proceedings of the J6th IEEE Conference on
Decision and Control (CDC 2007) (New Orleans, LA, December 2007).

KocHMAN, Y., AND ZAMIR, R. Analog matching of colored sources to colored chan-
nels. In Proceedings of the IEEE International Symposium on Information Theory
(ISIT 2006) (Seattle, WA, July 2006).

KocHMAN, Y., AND ZAMIR, R. Joint Wyner-Ziv/dirty-paper coding by modulo-
lattice modulation. [EEE Transactions on Information Theory 55, 11 (November
2009), 4878-4889.

KOETTER, R., AND MEDARD, M. An algebraic approach to network coding.
IEEE/ACM Transactions on Networking 11 (October 2003), 782-795.

KORNER, J., AND MARTON, K. How to encode the modulo-two sum of binary sources.
IEEFE Transactions on Information Theory 25, 2 (March 1979), 219-221.

KoTELNIKOV, V. A. On the carrying capacity of the ether and wire in telecommu-
nications. In Material for the First All-Union Conference on the Technological Re-

construction of the Communications Sector and Low-Current Engineering (Moscow,
Russia, 1933).

KRAMER, G., GASTPAR, M., AND GupTA, P. Cooperative strategies and capac-

ity theorems for relay networks. [EEE Transactions on Information Theory 51, 9
(September 2005), 3037-3063.

KRITHIVASAN, D., AND PRADHAN, S. Lattices for distributed source coding: Jointly

Gaussian sources and reconstruction of a linear function. IEEFE Transactions on In-
formation Theory (Submitted July 2007). See http://arxiv.org/abs/0707.3461.

KRITHIVASAN, D., AND PRADHAN, S. A proof of the existence of
good lattices. Tech. rep., University of Michigan, July 2007. See
http://www.eecs.umich.edu/techreports/systems/cspl/cspl-384.pdf.

178



BIBLIOGRAPHY

[82]

KRITHIVASAN, D., AND PRADHAN, S. Distribued source coding using Abelian group
codes. [EEE Transactions on Information Theory (Submitted August 2008). See
http://arxiv.org/abs/0808.2659.

LaNEMAN, J. N., Tsg, D. N. C., AND WORNELL, G. W. Cooperative diversity
in wireless networks: Efficient protocols and outage behavior. IEEE Transactions on

Information Theory 50, 12 (December 2004), 3062-3080.

L1, S.-Y. R., YEUNG, R. W., AND CAI1, N. Linear network coding. IEFE Transac-
tions on Information Theory 49, 2 (February 2003), 371-381.

L1, W., AND DAI, H. Location-aided fast distributed consensus. In IEEFE Transactions
on Information Theory (Submitted July 2007). See http://arxiv.org/abs/0707.0500.

Liao, H. Multiple access channels. PhD thesis, University of Hawaii, Honolulu, 1972.

Liu, P., TAO, Z., NARAYANAN, S., KORAKIS, T., AND PANWAR, S. S. CoopMAC:
A cooperative MAC for wireless LANs. IEEFE Journal on Selected Areas in Commu-
nications 25, 2 (February 2007), 340-354.

LOELIGER, H.-A. Averaging bounds for lattices and linear codes. IEEFE Transactions
on Information Theory 43, 6 (November 1997), 1767-1773.

MaA, N., AND ISHWAR, P. Distributed source coding for interactive function compu-
tation. IEEE Transactions on Information Theory (Submitted November 2008). See
http://arxiv.org/abs/0801.0756.

MA, N., ISHWAR, P., AND GupTA, P. Information-theoretic bounds for multiround

function computation in collocated networks. In Proceedings of the IEEE International
Symposium on Information Theory (ISIT 2009) (Seoul, South Korea, June 2009).

MADDAH-ALI, M. A., MOTAHARI, A. S., AND KHANDANI, A. K. Communication

over MIMO X channels: Interference alignment, decomposition, and performance
analysis. IEEE Transactions on Information Theory 54, 8 (August 2008), 3457-3470.

MARrscH, P., AND FETTWEIS, G. On backhaul-constrained multi-cell cooperative

detection based on superposition coding. In Proceedings of the IEEE International
Symposium on Personal, Indoor, and Mobile Radio Communications (PIMRC 2008)
(Cannes, France, September 2008).

MERGEN, G., AND TONG, L. Type based estimation over multiaccess channels. IEFE
Transactions on Signal Processing 54, 2 (February 2006), 613-626.

179



BIBLIOGRAPHY

[94]

[95]

[100]

[101]

[102]

[103]

[104]

MOSK-AOYAMA, D., AND SHAH, D. Information dissemination via gossip: Applica-
tions to averaging and coding. http://arxiv.org/cs.NI/0504029, April 2005.

MoOTAHARI, A. S., GHARAN, S. O., MADDAH-ALI, M.-A., AND KHANDANI,
A. K. Real interference alignment: Exploiting the potential of single antenna sys-
tems. [EEE Transactions on Information Theory (Submitted November 2009). See
http://arxiv.org/abs/0908.2282.

MoTAHARI, A. S., AND KHANDANI, A. K. Capacity bounds for the Gaussian in-
terference channel. IEEE Transactions on Information Theory 55, 2 (February 2009),

620-643.

MubpumBAl, R., WiILD, B., MApHOW, U., AND RAMCHANDRAN, K. Distributed
beamforming using 1 bit feedback: From concept to realization. In /4th Annual Aller-

ton Conference on Communications, Control, and Computing (Monticello, IL, Septem-
ber 2006).

MURPHY, P., SABHARWAL, A., AND AAZHANG, B. Building a cooperative communi-
cations system. Tech. rep., Rice University, July 2007. http://arxiv.org/pdf/0707.2998.

NaMm, W., CHUNG, S.-Y., aND LEE, Y. H. Capacity bounds for two-way relay

channels. In Proceedings of the International Zurich Seminar on Communications
(IZS 2008) (Zurich, Switzerland, March 2008).

NaMm, W., CHUNG, S.-Y., AND LEE, Y. H. Nested lattice codes for Gaussian relay

networks with interference. IEEE Transactions on Information Theory (Submitted
February 2009). See http://arxiv.org/abs/0902.2436.

NARAYANAN, K., WILSON, M. P., AND SPRINTSON, A. Joint physical layer coding
and network coding for bi-directional relaying. In 45th Annual Allerton Conference on
Commaunications, Control, and Computing (Monticello, IL, September 2007).

NAZER, B. Note on structured superposition decoding matrix. Unpublished, January
20009.

NAZER, B., DiMakis, A. G., AND GASTPAR, M. Local inteference can accelerate
gossip algorithms. In /6th Annual Allerton Conference on Communications, Control,
and Computing (Monticello, IL, September 2008).

NAZER, B., AND GASTPAR, M. Computation over multiple-access channels. [FEFE
Transactions on Information Theory 53, 10 (October 2007), 3498-3516.

180



BIBLIOGRAPHY

[105] NAZER, B., AND GASTPAR, M. Lattice coding increases multicast rates for Gaussian
multiple-access networks. In 45th Annual Allerton Conference on Communications,
Control, and Computing (Monticello, IL, September 2007).

[106] NAZER, B., AND GASTPAR, M. The case for structured random codes in network

capacity theorems. Furopean Transactions on Telecommunications 19, 4 (June 2008),
455-474.

[107] NAZER, B., AND GASTPAR, M. Structured random codes and sensor network coding

theorems. In Proceedings of the International Zurich Seminar on Communications
(I1ZS 2008) (Zurich, Switzerland, March 2008).

[108] NAZER, B., AND GASTPAR, M. Compute-and-forward: Harnessing interference
through structured codes. IEEE Transactions on Information Theory (Submitted
August 2009). See http://arxiv.org/abs/0908.2119.

[109] NAZER, B., GASTPAR, M., JAFAR, S. A., AND VISHWANATH, S. Ergodic interfer-

ence alignment. In Proceedings of the International Symposium on Information Theory
(ISIT 2009) (Seoul, South Korea, June 2009).

[110] NAZER, B., GASTPAR, M., JAFAR, S. A., AND VISHWANATH, S. Interference
alignment at finite SNR: General message sets. In 47th Annual Allerton Conference
on Communications, Control, and Computing (Monticello, IL, September 2009).

[111] NAZER, B., SANDEROVICH, A., GASTPAR, M., AND SHAMAI (SHITZ), S. Struc-
tured superposition for backhaul constrained cellular uplink. In Proceedings of the
International Symposium on Information Theory (ISIT 2009) (Seoul, South Korea,
June 2009).

[112] NEDIC, A., OLSHEVSKY, A., OZDAGLAR, A., AND TSITSIKLIS, J. On distributed

averaging algorithms and quantization effects. Tech. Rep. 2778, MIT, November 2007.
See http://arxiv.org/abs/0711.4179.

[113] NyqQuisT, H. Certain topics in telegraph transmission theory. Transactions of the
American Institute of Electrical Engineers (AIEE) 47 (April 1928), 617-644.

[114] OcHial, H., MITRAN, P., Poor, H. V., AND TAROKH, V. Collaborative beam-
forming for distributed wireless ad hoc sensor networks. IEEFE Transactions on Signal
Processing 53, 11 (November 2005), 4110-4124.

[115] OECHTERING, T. J., SCHNURR, C., BJELAKOVIC, 1., AND BocHE, H. Broadcast
capacity region of two-phase bidirectional relaying. IEEE Transactions on Information
Theory 54, 1 (January 2008), 454-458.

181



BIBLIOGRAPHY

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

OO0HAMA, Y. The rate-distortion function for the quadratic Gaussian CEO problem.
IEEFE Transactions on Information Theory 44, 3 (May 1998), 1057-1070.

ORLITSKY, A., AND ROCHE, J. R. Coding for computing. IFEE Transactions on
Information Theory 47, 3 (March 2001), 903-917.

OzGUR, A., LEVEQUE, O., AND Tsg, D. N. C. Hierarchical cooperation achieves
optimal capacity scaling in ad hoc networks. IEEFE Transactions on Information Theory
53, 10 (October 2007), 3549-3572.

OzGUR, A., AND TSE, D. N. C. Achieving linear scaling with interference alignment.
In Proceedings of the IEEE International Symposium on Information Theory (ISIT
2009) (Seoul, South Korea, June 2009).

P. Frasca, R. CarLi, F. F., AND ZAMPIERI., S. Average consensus on networks
with quantized communication. International Journal of Robust and Nonlinear Control
19, 16 (November 2009), 1787-1816.

PuiLosor, T., ZAMIR, R., ErREZ, U., AND KHISTI, A. Lattice strategies for the
dirty multiple access channel. IEEE Transactions on Information Theory (Submitted

April 2009). See http://arxiv.org/abs/0904.1892.

PorryrREV, G. On coding without restrictions for the AWGN channel. IEEE Trans-
actions on Information Theory 40, 2 (March 1994), 409-417.

PRABHAKARAN, V., TSE, D., AND RAMCHANDRAN, K. Rate region of the quadratic
Gaussian CEO problem. In Proceedings of the IEEE International Symposium on
Information Theory (ISIT 2004) (Chicago, IL, July 2004).

RABBAT, M., HAuPT, J., A.SINGH, AND NOWAK, R. Decentralized compression
and predistribution via randomized gossiping. In Proceedings of the ACM/IEEE In-
ternational Conference on Information Processing in Sensor Networks (IPSN 2006)
(Nashville, TN, April 2006).

RajacorAL, R., AND WAINWRIGHT, M. J. Network-based consensus averag-
ing with general noisy channels. In 45th Annual Allerton Conference on Com-
munications, Control, and Computing (Monticello, IL, September 2007).  See
http://arxiv.org/abs/0805.0438.

RATNAKAR, N., AND KRAMER, G. The multicast capacity of deterministic relay
networks with no interference. IEEE Transactions on Information Theory 52, 6 (June
2006), 2425-2432.

RocGERs, C. A. Lattice coverings of space. Mathematica 6 (1959), 33-39.

182



BIBLIOGRAPHY

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

SALIGRAMA, V., ALANYALI, M., AND SAvAs, O. Distributed detection in sensor

networks with packet losses and finite capacity links. IEEE Transactions on Signal
Processing 54, 11 (November 2006), 4118-4132.

SANDEROVICH, A., PELEG, M., AND SHAMAI (SHITZ), S. Scaling laws in decen-

tralized processing of interfered Gaussian channels. In Proceedings of the International
Zurich Seminar on Communications (1ZS 2008) (Zurich, Switzerland, March 2008).

SANDEROVICH, A., SHAMAI (SHITZ), S., AND STEINBERG, Y. Distributed MIMO

receiver - achievable rates and upper bounds. [FEFE Transactions on Information
Theory 55, 10 (October 2009), 4419-4438.

SANDEROVICH, A., SOMEKH, O., POOR, H. V., AND SHAMAI (SHITZ), S. Uplink

macro diversity of limited backhaul cellular network. IFEE Transactions on Informa-
tion Theory 55, 8 (August 2009), 3457-3478.

SANDERS, P., EGNER, S., AND TOLHUIZEN, L. Polynomial time algorithms for
network information flow. In 15th ACM Symposium on Parallel Algorithms and Ar-
chitectures (2003), pp. 286—294.

SANKAR, L., SHANG, X., ErRkIP, E., AND POOR, H. V. Ergodic two-user inter-
ference channels: Is separability optimal? In /6th Annual Allerton Conference on
Commaunications, Control, and Computing (Monticello, IL, September 2008).

SARWATE, A. D., AND DiMAKIS, A. G. The impact of mobility on gossip algorithms.

In Proceedings of the 28th Annual International Conference on Computer Communi-
cations (INFOCOM 2009) (Rio de Janeiro, Brazil, April 2009).

SAaTO, H. The capacity of the Gaussian interference channel under strong interference.
IEEE Transactions on Information Theory 27, 6 (November 1981), 786-788.

SCHEIN, B., AND GALLAGER, R. G. The Gaussian parallel relay network. In Pro-
ceedings of the IEEE International Symposium on Information Theory (ISIT 2000)
(Sorrento, Italy, June 2000).

SENDONARIS, A., ERKIP, E., AND AAZHANG, B. User cooperation diversity - part I:

System description. IEEE Transactions on Commaunications 51, 11 (November 2003),
1927-1938.

SHAMAI (SHITZ), S., SIMEONE, O., SOMEKH, O., SANDEROVICH, A., ZAIDEL,
B., AND POOR, H. V. Information theoretic implications of constrained cooperation
in simple cellular models. In Proceedings of the IEEE International Symposium on
Personal, Indoor, and Mobile Radio Communications (PIMRC 2008) (Cannes, France,
September 2008).

183



BIBLIOGRAPHY

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

SHAMAI (SHITZ), S., AND VERDU, S. Capacity of channels with uncoded side in-
formation. Furopean Transactions on Telecommunications 6, 5 (September-October

1995), 587-600.

SHAMAI (SHITZ), S., VERDU, S., AND ZAMIR, R. Systematic lossy source/channel
coding. IEEFE Transactions on Information Theory 44, 2 (March 1998), 564-579.

SHANG, X., KRAMER, G., AND CHEN, B. A new outer bound and the noisy-

interference sum-rate capacity for Gaussian interference channels. IEEE Transactions
on Information Theory 55, 2 (February 2009), 689-699.

SHANNON, C. E. A mathematical theory of communication. Bell System Technical
Journal 27 (1948), 379-423, 623-656.

SHANNON, C. E. Communication in the presence of noise. Proceedings of the Institute
of Radio Engineers 37, 1 (January 1949), 10-21.

SINCLAIR, A. Improved bounds for mixing rates of markov chains and multicommodity
flow. Combinatorics, Probability and Computing 1, 4 (December 1992), 351-370.

SLEPIAN, D., AND WOLF, J. Noiseless coding of correlated information sources. IEFEE
Transactions on Information Theory 19, 4 (July 1973), 471-480.

SOMEKH, O., ZAIDEL, B. M., AND SHAMAI (SHITZ), S. Sum rate characterization
of joint multiple cell-site processing. [EEE Transactions on Information Theory 53,

12 (December 2007), 4473-4497.

SOUNDARARAJAN, R., AND VISHWANATH, S. Communicating the difference of cor-
related Gaussian sources over a MAC. In Data Compression Conference (DCC 2009)
(Snowbird, UT, March 2009).

SPANOS, D., OLFATI-SABER, R., AND MURRAY, R. Distributed Kalman filtering
in sensor networks with quantifiable performance. In Proceedings of the ACM/IEEE
International Conference on Information Processing in Sensor Networks (IPSN 2005)
(Los Angeles, CA, April 2005).

SRIDHARAN, S., JAFARIAN, A., VISHWANATH, S., JAFAR, S. A., AND SHAMAI
(SHITZ), S. A layered lattice coding scheme for a class of three user Gaussian inter-
ference channels. In 46th Annual Allerton Conference on Communications, Control,
and Computing (Monticello, IL, September 2008).

SUNDARAM, S., AND HADJICcOSTIS, C. N. Distributed consensus and linear func-
tional calculation: An observability perspective. In Proceedings of the ACM/IEEE

184



BIBLIOGRAPHY

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

International Conference on Information Processing in Sensor Networks (IPSN 2007)
(Cambridge, MA, April 2007).

TELATAR, E. Capacity of multi-antenna Gaussian channels. FEuropean Transactions
on Telecommunications 10, 6 (November - December 1999), 585-595.

TuNINETTI, D. Gaussian fading interference channels: Power control. In Proceedings
of the 42nd Asilomar Conference on Signals, Systems and Computers (Monterey, CA,
October 2008).

ULUKUS, S., AND KANG, W. A single-letter upper bound for the sum rate of multiple
access channels with correlated sources. In Proceedings of the 39th Asilomar Conference
on Signals, Systems and Computers (2005).

VISWANATHAN, H., AND BERGER, T. The quadratic Gaussian CEO problem. I[EEFE
Transactions on Information Theory 43, 5 (September 1997), 1549-1559.

WAGNER, A. B. On distributed compression of linear functions. In 46th Annual

Allerton Conference on Communications, Control, and Computing (Monticello, 1L,
September 2008).

Wu, Y., AND DiMAKIS, A. G. Reducing repair traffic for erasure coding-based storage

via interference alignment. In Proceedings of the IEEE International Symposium on
Information Theory (ISIT 2009) (Seoul, South Korea, June 2009).

WYNER, A. D. Shannon-theoretic approach to a Gaussian cellular multiple-access
channel. IEEE Transactions on Information Theory 40, 6 (November 1994), 1713—
1727.

X1a0, L., BoyD, S., AND LALL, S. A scheme for asynchronous distributed sensor
fusion based on average consensus. In Proceedings of the ACM/IEEE International
Conference on Information Processing in Sensor Networks (IPSN 2005) (Los Angeles,
CA, April 2005).

YAMAMOTO, H. Wyner-Ziv theory for a general function of the correlated sources.
IEEE Transactions on Information Theory 28, 5 (September 1982), 803-807.

ZAMIR, R. Lattices are everywhere. In Proceedings of the Jth Annual Workshop on
Information Theory and its Applications (ITA 2009) (La Jolla, CA, February 2009).

ZAMIR, R., AND FEDER, M. On lattice quantization noise. IFEE Transactions on
Information Theory 42, 4 (July 1996), 1152-1159.

185



BIBLIOGRAPHY

[162] ZAMIR, R., SHAMAI (SHITZ), S., AND EREZ, U. Nested linear/lattice codes for

structured multiterminal binning. IEFE Transactions on Information Theory 48, 6
(June 2002), 1250-1276.

[163] ZHAN, J., NAZER, B., GASTPAR, M., AND ErREZ, U. MIMO compute-and-forward.
In Proceedings of the International Symposium on Information Theory (ISIT 2009)
(Seoul, South Korea, June 2009).

[164] ZuanG, S., Liew, S., AND LaM, P. Hot topic: Physical-layer network coding. In
Proceedings of the 12th Annual ACM International Conference on Mobile Computing
and Networking (MobiCom 2006) (Los Angeles, CA, September 2006).

186



	Introduction
	Preliminaries
	Point-to-Point Channels
	Slepian-Wolf Problem
	Körner-Marton Problem

	Compute-and-Forward: Discrete Alphabets
	Problem Statement
	Separation-Based Computation
	Linear Computation Codes
	Systematic Computation Codes
	Upper Bounds

	Compute-and-Forward: AWGN Networks
	Problem Statement
	Nested Lattice Codes
	Lattice Computation Codes
	Recovering Messages
	Successive Cancellation
	Superposition
	Upper Bound
	Proofs

	Communication Network Applications
	Backhaul Constrained Cellular Uplink
	Slow Fading and Distributed MIMO
	Multicasting over Multiple-Access Networks
	Wireless Network Coding

	Distributed Signal Processing Applications
	Source-Channel Computation Codes
	Sensor Network Case Study
	Local Interference Can Accelerate Gossip Algorithms

	Interference Alignment via Computation
	Time-Varying Gaussian Interference Channel
	Channel Quantization
	Ergodic Interference Alignment
	Recovering More Messages
	X Message Set
	Time-Varying Finite Field Interference Channel

	Conclusions
	Bibliography



