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Abstract

Rapid advances in sensing, computing, and wireless technologies have led to signif-
icant interest in the understanding and development of wireless networked control
systems. Networked control systems consist of spatially distributed agents such as
plants (dynamical systems), sensors, and controllers, that interact to achieve desired
objectives. The sensors monitor the plants and communicate measurements to re-
motely situated controllers. The controllers apply actions to stabilize and control the
plants. Such systems have diverse applications in security, surveillance, industrial
production, health monitoring, remote surgery, environment management, space
missions, and intelligent transport systems. The objective of the thesis is to under-
stand the fundamental limits and principles involved in the design of sensing and
control strategies for dynamical systems controlled over communication networks.

The thesis has three parts. Part I and Part III consider the design of sensing
and control strategies for mean-square stabilization of linear dynamical systems
over fundamental communication channels such as point-to-point, relay, multiple-
access, broadcast, and interference channels. The sensors and other nodes within the
communication network are assumed to have average power transmit constraints.
Moreover, the communication links between all agents (plants, sensors, controllers)
are modeled as Gaussian channels. Necessary as well as sufficient conditions for
mean-square stabilization over various network topologies are derived. The nec-
essary conditions are arrived at using information theoretic arguments such as
properties of mutual information, directed information, and differential entropy.
The sufficient conditions are obtained using delay-free sensing and control policies.
These conditions quantify the effect of communication network parameters such
as transmit powers, channel noise, and channel interference on the stability of the
plant(s). Different settings where linear policies are optimal, asymptotically optimal
(in certain parameters of the system) and suboptimal have also been identified. Part
IT considers the design of real-time sensing and control strategies for minimization
of a quadratic cost function of the state process of a system over Gaussian net-
works. Two fundamental Gaussian networks are considered: i) cascade network and
ii) parallel network. For each network, non-linear sensing and control schemes are
proposed and sub-optimality of linear strategies is discussed.

The results reveal fundamental limits on the performance of linear systems con-
trolled over Gaussian networks. The methods used to derive these results reveal a
close interplay between information theory and control theory.
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Chapter 1

Introduction

interdependent elements forming a complex whole is often called a system [FD].

For example, the solar system comprising of the Sun and its planetary system
of eight planets, their moons, and other non-stellar objects. A system is dynamical
if its behavior changes over time due to external or internal factors, for example
physical changes in a human body, climate change on earth, and motion of a vehicle.
If the behavior of a dynamical system can be steered in a desired way by applying
appropriate actions or forces, then it is referred to as a control system. There are
numerous control systems around us, that either exist naturally or are engineered
by humans. An example of a biological control system is the regulation of glucose
in the bloodstream through the production of insulin by the pancreas [AM09]. An
engineering example is an air flight control system which assists pilot in flying an
aircraft. In manufacturing industry, the desired physical or chemical composition
of a product is often achieved by employing certain feedback control mechanism.
Even our economies are based on complex interactions between individuals and
corporations.

Some control systems have spatially distributed components such that the op-
eration of these distributed components is coordinated by exchange of information
to achieve an overall objective. These are commonly known as networked control
systems. More precisely, a networked control system has four main components:
sensors, actuators, controllers, and the process (or system) to be controlled. These
components communicate to perform coordinated actions. For example, our ner-
vous system coordinates voluntary and involuntary actions by transmitting signals
between different parts of our body. In the engineering world, networked control
systems have existed for several decades in power plants, manufacturing industry,
and transportation systems where information is usually collected from different
locations and then communicated to a central station using wired connections.
Important decisions/assessments are made at the central station which are then
communicated to different locations using wired connections. Due to wired con-
nections, the implementation of these systems have been very limited in the past.

In the language of engineering and science, a group of interacting, interrelated, or
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Plants /N)ntrollers

Figure 1.1: Feedback control of plants (dynamical systems) over a wireless network.
The sensors monitor the plants and communicate their measurements to remotely
situated controllers. The controllers then apply actions to control the plants.

However, the recent advances in wireless access technologies and the rapid de-
velopment of low cost and energy efficient devices that are capable of sensing,
computing, and transmitting, have laid a foundation to build distributed systems
that can reliably perform under reasonable cost. The use of wireless technologies
in networked control systems may lead to a large scale deployment of distributed
components that are mobile, flexible and cost effective. Such system have potential
applications in many areas such as machine-to-machine communication for security,
surveillance, industrial production, health monitoring, remote surgery, environment
management, space missions, and intelligent transport systems.

The replacement of wired connections with wireless connections in networked
control systems provide many advantages such as reduced wiring, lower installation
and maintenance costs, higher flexibility and adaption capability. However, there
are additional challenges in the design and analysis of such systems due to the in-
sertion of less reliable and insecure wireless communication links. In recent years,
the researchers in the areas of control theory, communication theory, and computer
science have directed substantial attention to address the challenges associated with
successful implementation of networked control systems. This is a multi-disciplinary
research topic that requires a deep understanding of interaction between informa-
tion and control sciences. An efficient implementation of networked control systems
requires a joint design of control and communication strategies, but unfortunately
control engineering and communication engineering have been widely studied sep-
arately with very little overlap. The tools, methodologies, and systems developed
in these areas are quite mature, but they have very little ground in common. Com-
munication theory primarily focuses on reliable transmission of information and
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the delay in transmission is of secondary importance. On the other hand, control
system designs are robust to uncertainties but very sensitive to delays. It is not
simple to merge the systems developed in these areas, therefore, a new and unified
approach is needed to understand the fundamental principles and finally build ef-
ficient networked control systems. This thesis also makes an effort in this direction
by studying some open problems on sensing, estimation, and control over networks.

In this thesis, we consider the scenario depicted in Figure[[LT] where there are a
number of plants (systems to be controlled) that are monitored by a group of sensor
nodes. These sensor nodes communicate their measurements to remotely situated
control units over wireless links. Based on the signals received from the sensors, the
remote controllers take appropriate actions to control the plants remotely. Some
basic questions we try to answer in this thesis are: How much transmission power
the sensors should use to stabilize dynamical systems over a communication net-
work using remote controllers? How do the channel impairments such as noise and
interference affect stability of a remote control system? What are the suitable trans-
mission schemes in different network architectures when the objective is to estimate
or control state of a dynamical system? Although large networked control systems
are the main motivation of this thesis, we focus on small systems with fewer com-
ponents to understand the fundamental principles. An accurate analysis of small
systems can give us right intuitions to understand and build networked control
systems on a larger scale.

In the rest of this chapter, we first provide a brief introduction to stochastic
control, stochastic networked control, team decision problems, and the problem of
stabilization over communication channels. We then give an outline of the main
contributions of this thesis. The purpose is to first make the reader familiar with
some technical terminologies and basic concepts which are helpful in understand-
ing the key contributions of this thesis as well as the technical discussions in the
following chapters.

1.1 Stochastic Control

Consider a discrete-time system with the following state and measurement equa-
tions:

Xep1= [ (Xo, U, Wy), teN
Y: = h(Xe, Vi), (1.1)

where N =1{0,1,2,...}, X; € X is the state variable, U; € U is the action variable,
Wi € W is the system noise (process noise), and V; € V is the measurement noise.
The spaces X and U are termed as state and action spaces, and the spaces W,V are
called noise spaces. We assume that {X, U, W, V} are non-empty Borel spaces. The
system function f; and the measurement function h; are Borel measurable functions.
Moreover, the initial state Xy and the disturbances {W;, V;} are random objects
with distributions pg,, fw,, and p,, respectively. At any time ¢, the controller
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has access to the information variable I; = {Yy,Y1,...,Y;, Uo, Uy, ..., Us—1} and it
employs a policy or strategy ~; such that

Ve - It — Ut
7 0 Y < Ut — P(U), (1.2)

where P(U) is the space of probability measures defined on U. A control policy
is deterministic if v; : YT x U — U. A control policy is known as Markov or
memoryless if the controller uses only Y; to generate U;. A control policy is called
stationary if v =~y for all t.

In a stochastic control problem the controller can have different objectives, there-
fore, the control policy needs to be designed accordingly. For instance, one objec-
tive of the controller might be to stabilize the system in some appropriate sense,
for example in the mean-square sense: sup, E [X 2] < 00, or in ergodic sense, i.e.,

limy_ oy = T Zt 0 g(Xt) exists, where g is a real-valued Borel measurable function.
Another common objective is to design a control policy ¥ := {v0,71,... yr} such
that the following additive cost function is minimized:

T
Z Xt7 Ut
t=0

where T € N and ¢ : X x U — R is a cost function. In this case, an optimal
policy 4* would satisfy J(3*) < J(¥) for all ¥ € T, where T is the set of admissible
control policies. A control policy is admissible if it is measurable with respect to
sigma-algebra generated by the information variable I;.

In stochastic control problems, the control action U; can have two effects or
roles, with contradictory objectives [S6d02]:

, (1.3)

1. Control action u; should be chosen to make the present cost and the future
costs E [¢ (Xiqk, Utr)] for k > 0, small. This often implies that u; has to be
small. We refer to this as action effect.

2. Control action u; should be chosen to obtain more precise information about
future states. This often implies that u; has to be large to dominate over the
disturbance in the system. This effect is known as probing.

Since the action role and the probing role of control have usually conflicting objec-
tives, an optimal controller is the one that achieves an optimal trade-off. Due to the
above two effects, we say that the control has a dual effect or a dual role. The dual
effect of control does not occur when the controller has perfect information of the
state, i.e., Y3 = X;. Although in most stochastic control problems with incomplete
state information dual effect of control is present, there may exist rare instances
where dual effect is not present. Such problems are known as neutral problems and
an optimal policy for such problems can be obtained in two steps: i) determine
the conditional distribution of the state (information state) and express the cost
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in terms of information state, ii) determine optimal control laws as functions of
information state. This property is known as a separation principle or separation
of estimation and control [Wit71], i.e., the controller first computes an optimal es-
timate of the state and then applies action using the state estimate. One popular
stochastic control problem where the separation of estimation and control holds is
given below.

LQG Control Problem. Consider the following linear system model:

Xt+1 = AXt + BUt + Wt
Y, = CX¢ + Vi, (1.4)

where V; and W, are jointly Gaussian white noise sequences and A, B, C' are ma-
trices of appropriate dimensions. The initial state X is assumed to be Gaussian
distributed and independent of the noise variables V; and W;. Suppose the objective
is to minimize the following quadratic cost function:

N

J(3) =By | XEQoXN + > (X7 QX + UL QaUy) | (1.5)
t=0

over all admissible control policies, v € I'. This is known as the Linear Quadratic
Gaussian (LQG) control problem, since the system model is linear, the cost is
quadratic and disturbances are Gaussian. The optimal control policy for this prob-
lem is given by U; = thX't, where L; is a time varying matrix and X, = E[X¢| ]
is the optimal state estimate that can be generated using Kalman filter. Hence, it
is allowed to separate estimation and control in the LQG control optimal. Even
if we assume non-Gaussian disturbances and restrict controller to be linear, then
optimal linear controller also exhibits the separation structure. The LQG control
problem in fact exhibits a stronger property than the separation principle known
as certainty equivalence, which says that one can replace all random variables in
the system model by their mean values and then determine an optimal controller
for this deterministic system [S6d02].

1.2 Stochastic Networked Control

A networked control system is comprised of multiple agents which are often perform-
ing two major tasks: i) Generate suitable signals to communicate information, ii)
Apply control actions to minimize errors and reduce costs. In the stochastic control
framework introduced in the previous section, there is a central agent (controller)
with perfect memory (recall). But networked control systems are decentralized in
nature. A simple example of a networked control system would be to assume that
the measurement function h; in the state equation (IZIJ) is not fixed and it has to be
designed along with the control function ~; to minimize some cost function. That
is, in this simple stochastic networked control example, the objective is to jointly
design measurement and control strategies. Obviously stochastic networked control
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problems are much harder to solve than stochastic control problems due to their
decentralized nature. As a concrete example, we look at the following problem on
joint design of measurement and control strategies for a scalar linear systems, that
was studied by Bansal and Bagar in 1989 [BB89].

Consider the following scalar system:

Xt+1:)\tXt+Ut+Wt; teN

where S; = he(X:, Y0, Y1,..., Y1), U = %(Yo,Y1,..., Y1), and {hy, fi} are Borel
measurable functions. The initial state Xy and the noise variables {W;, V;} are all
independent and zero mean Gaussian distributed. The objective is to jointly design
measurement and control policies {h¢,y:} such that the following cost is minimized:

N
T(h,7) =Bj 5 | X200 + 0U7 + 57 | (1.7)

t=0

where a;, by, q¢ > 0 and h := {ho,h1,...,An} and ¥ := {y0,71,...,7n}. Note
that this problem becomes equivalent to the LQG control problem if h; is fixed
to be linear in the state, for which separation structure is optimal. However, for
non-linear measurement functions, the optimality of separation structure does not
apply in general and this problem is very hard to solve. Interestingly, Bansal and
Basar showed that the optimal measurement and control strategies for this problem
are actually linear with the following structure:

Se=me (Xe —E[Xy|Y0,Y1,....Yi1]), U= —LE[X;[Yo,V1,..., Vi), (1.8)

where m; and [; are some scalars (complete description is given in [BB89)]). It is
noteworthy that the optimal measurement policy is to linearly transmit innovation
at each time step. Similar results carry over to infinite horizon problem with dis-
counted cost as shown in [BB89]. To this end, we want to highlight that optimal
measurement and control policies for vector valued systems in quadratic Gaussian
settings are still unknown.

1.3 Networked Control System as Stochastic Team

A networked control system can be viewed as a stochastic dynamic team where
multiple decision makers (agents) strive for a common goal [Rad62/[YB13|. These
decision makers have the same probabilistic description of the system but usually
have different observations or measurements. For example, in the simple networked
control example discussed in the previous section, there are two decision makers—a
sensor and a controller, and their common objective is to minimize a quadratic cost
function. A comprehensive discussion on team decision problems in various settings
can be found in Chapter II and Chapter III of [YB13]. In the following, we provide
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a brief introduction to mathematical framework for team decision problems and
some fundamentals which will be useful in understanding the contributions of this
thesis.

A stochastic team decision problem has the following five ingredients:

1. Number of decision makers and action sets available at each decision maker.
2. A probabilistic description of the uncertainties in the system.

3. The measurements/observations at the decision makers.

4. A cost function.

5. A solution concept based on which we can compare different policies.

We illustrate this with the help of an example: Consider a sequential' dynamic?

team with N decision makers {DM', DM?, ... DM}, where DM*® has an infor-
mation space Y? and an action space U’. Let (£2, F, P) be the probability space asso-
ciated with uncertainties in the system. Consider a decision making sequence where
DM? acts first, then DM? acts, and so on. Let h; : Q x Ul x U2 x --- x U1 — Y?
be the measurement function of DM?* and v; : Y* — U’ be the action policy of
DM?, such that Y = h;(w, UL, U?,...,U"1) and U® = v;(Y?) = 7;(h;(w)), where
w € Q, Ut € U and {Y? U’} are the information and the action spaces of DM®.
The measurement functions {h1, he, ..., hn} for all decision makers are fixed. The
action policy of the team 74 := {71,72,...,yn} has to be designed to minimize an
average cost:

J®) =E[e(w, U U?,..., U], (1.9)

where ¢ : @ x Ul x U% x --- x UN — R denotes a cost function. A team policy 7*
is optimal if
J(5%) = inf J(3), (1.10)
F€er

where I is the set of admissible team policies. Note that an optimal policy may not
exist in a stochastic team decision problem. Another weaker notion of optimality
is person-by-person optimality which is defined as follows. A team strategy 7* :=
{V+,7,--.,7x} is person-by-person optimal if

J(’wa~~,’Y;717’Yi*a’)’i*+1w'.v’)’]*v) § J(’Yfa "a’}/;flv’yz'a’}/;:rla- H?Pﬁ(\])ﬂ (111)

1In a sequential team, there exists a predefined order in which the decision makers take actions,
whereas in a non-sequential team this order can be uncertain and may depend on other parameters.

2In a dynamic team, the information available to a decision maker can be affected by actions of
other decision makers, whereas in a static team the actions of one decision maker do not influence
information available to the other decision makers.
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Figure 1.2: Witsenhausen Counterexample.

for all 4, € T'; and for all ¢ € {1,2,..., N}. Person-by-person optimality is a neces-
sary but not sufficient condition for global or team optimality.

Since U? = ~;(hi(w, U, U?,...,U" 1)), the cost in (L) also depends on the
measurement functions h := {hi1,ha,...,hn}. We refer to h as the information
structure of the team problem. The importance of information structure is central
in stochastic team decision problems [Wit68,[SA74l[Ho80,MMRY12/[YB13]. In the
following we briefly introduce information structures and discuss their effect on the
solution of team decision problems.

Broadly speaking, there are three main types of information structures: classi-
cal, quasi-classical, and non-classical. A team is said to have a classical information
structure if DM? has access to the information available at DM* for all k < i.
In the case of the classical information structure, the information is expanding
,ie, YL C Y2 C Y3... C YN, A quasi-classical (or partially nested) informa-
tion structure is the one in which if DMF affects the information of DM7, then
DM’ must know the information available at DMP* i.e., Y¥ C Y?. An information
structure which is neither classical nor quasi-classical is known as a non-classical
information structure. In the classical information structure the information is ex-
panding and one can use dynamic programming to find optimal action policies.
However, for quasi-classical and non-classical information structures, there does not
exist a systematic procedure to find optimal control laws. Only for LQG systems
with quasi-classical information structures, optimal control policies are known to
be affine [Ho80]. Many team problems are non-classical in nature and unfortunately
a systematic theory to address these problems is lacking [Bas08]. In the following
we a give an example of a well-known team decision problem with non-classical
information pattern.

Witsenhausen’s Counterexample. Consider a team problem with two de-
cision makers depicted in Figure The decision maker DM observes Y; = X3
where X7 ~ N(0,02) and then applies an action Uy = v;(Y7). The decision maker
DM? observes Y = X1 + Uy + W where W ~ N(0,02), and then applies an action
Us = 72(Y2). The objective is to find an optimal team decision policy v* = {~},~3}
such that the following cost is minimized:

J(7) =E [FU} + X3], (1.12)
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Figure 1.3: Transmission of a Gaussian variable over a Gaussian channel.

where X3 = Xo—Us and k > 0. Note that the problem has non-classical information
structure because DM? does not have access to Y;. This problem was introduced by
Witsenhausen in 1968 [Wit68], even though the problem looks simple but optimal
decision policies are unknown till today. Witsenhausen proved that optimal policies
for this problem exist and further showed by giving a counter example that the
optimal policies are not linear [Wit68§].

In problems with a non-classical information pattern, a decision maker can en-
code some information in his/her action about those variables which are not known
to other decision makers, which is commonly known as a signaling incentive. Thus
the control has a triple role in team decision problems with non-classical informa-
tion structures: i) probing role, ii) action role, iii) signaling role. An optimal decision
policy is the one that achieves an optimal tradeoff between these three roles of con-
trol with conflicting objectives. It has been pointed out that in fact it is not only
the non-classical nature but also the structure of cost function that contributes to
the difficulty of finding optimal solutions [Bas08|. There exist rare instances where
linear policies are actually optimal in non-classical setting. One such example is
given below.

Gaussian Test Channel. Consider a team problem with two decision mak-
ers depicted in Figure The decision maker DM! observes Y7 = X where
X ~ N(0,0%) and then applies an action U; = ~;(Y7). The decision maker
DM? observes Yo = Uy + W, where W ~ N(0,02), and then applies an action
Us = 72(Y2). The objective is to find an optimal team decision policy v* = {~},~3}
such that the following cost is minimized:

J(7) =E[(X - U2)?], (1.13)

subject to the constraint: E[UZ] < P. Note that the information structure of this
problem is non-classical as well, however, an optimal decision policy for this problem
is known and it is linear [Ber71l[Bas08|[YB13].

1.4 Control Over Communication Channels

Consider the scenario depicted in Fig. [[4] where a plant has to be controlled or
stabilized (in some sense) over a communication channel by the joint actions of
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Figure 1.4: Control over a communication channel.

a sensor and a controller. We raise two important questions: i) Given an unstable
plant and a communication channel, can we find measurement (sensing) and control
policies such that the plant is stable? ii) Given a plant (source) and a communication
channel, what are the sensing and control policies that minimize an expected cost
function of plant’s state process? Obviously to answer such question, one would
require a description of the plant and communication channel, and also the notion
of stability and cost function that one is interested in. Throughout this thesis, we
consider linear time invariant plants, Gaussian communication channels, quadratic
cost function, and mean-square stability which requires second moment of plant’s
state process to be bounded.

As an example, let us consider the problem of mean-square stabilization of
a scalar linear time invariant (LTI) plant over an additive white Gaussian noise
channel.

Stabilization Over a Gaussian Channel. Consider a scalar discrete time
LTT system with the following state equation:

X1 = XX+ U+ Wy, teN, (1.14)

where X; € R,U; € R, and W, € R are state, control, and noise variables. We
assume that the open-loop system is unstable (JA| > 1) and the initial states X is
a random variable with Gaussian distribution. Assume that at any time ¢ the sensor
has access to the information set ItS = {Xo, X1,...,X¢,Uo,Uy,...,U;—1} and it
produces a signal Sy = ft(ItS ), where f; denotes the sensing/encoding policy such
that the following average transmit power constraint is ensured: E[SZ] < P. The
signal transmitted by the sensor is received at the controller as R; = Sy + Z;, where
Zy ~ N(0,N) denotes Gaussian distributed channel noise variable. Thus, at any
time ¢ the controller has access to the information set IS := { Ry, Ry, ..., R;} and
it applies an action Uy = m; (Itc ), where 7; denotes the control policy. The common
objective of the sensor and the controller is to keep the second moment of the state
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process bounded, i.e., to ensure E [Xﬂ < oo for all ¢. This notion of stability is
commonly known as mean-square stability or quadratic stability. In [Sah01], it was
shown that the scalar plant can be mean-square stabilized over the given scalar
Gaussian channel if and only if

1 P
log(|A]) < 5 log <1 + N) . (1.15)
Furthermore, linear and memoryless (Markov) sensing and control policies are op-
timal for mean-square stabilization. The fact that linear policies are optimal for
quadratic stabilization is not very surprising because we have already discussed
an example in Sec[[.2] where linear measurement and control policies minimize a
quadratic cost function of state and control variables. More interesting observation
at this point is the relationship given in (ILI5]) between plant parameter A and the
channel parameter %, which is actually signal-to-noise ratio of the channel. This
relationship characterizes signal-to-noise requirement for mean-sqaure stabilization
of a scalar LTI plant over a scalar AWGN channel. A communication theorist will
also identify that the term on the right hand side (RHS) of the inequality in (TI5])
is the Shannon capacity of the AWGN channel.

There exists a diverse literature on the problem of control over communication
channels, focusing on different plant models, channel models, performance mea-
sures, and design constraints. For instance the plant and the channel models can
be either discrete-time or continuous with different network topologies and differ-
ent assumption on channel impairments. There can be different design constraints
such as transmission delay-constraints, transmit power constraints, bandwidth con-
straint etc. In the following, we provide a brief overview of the literature on control
over communication channels.

Bibliographic Notes. Important contributions to control over communica-
tion channels include [BB89,Bai99,[WB99NEOOEMO1NE04EL04,MS04.TSM04,
TMO04,MDEQ6, ISM06LIMS07, [ BMEQ7,IMDOS,IMRFB09,[YT09, YB11[FA11,ILDAT1L
Yiik12MCF13]. In the early works [Str65.[WonG8] it is shown that for linear sys-
tems subject to Gaussian noise with linear sensing policies having perfect memory
(recall), the optimal control policies are linear and there exists a separation prop-
erty between estimation and control. However, Witsenhausen showed in [Wit68]
via a simple counter example that linear policies may not be optimal when there
are more than two or more decision makers (sensors/controllers) without per-
fect memory (recall). The Witsenhuasen problem is still unsolved. Its difficulty
lies in its non-classical information structure [Rad62,Wit71l[Ho80]. The problem
of remotely controlling dynamical systems over communication channels is often
studied with methods from stochastic control theory and information theory. The
seminal paper by Bansal and Bagar [BB89] used fundamental information theo-
retic arguments to obtain optimal policies for LQG control of a first order plant
over a point to point Gaussian channel. Minimum rate requirements for stabiliz-
ability of a noiseless scalar plant were first established in [Bai99,[WB99] followed
by [NEOO]. Further rate theorems for stabilization of linear plants over some dis-
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crete and continuous alphabet channels can be found in [TM04, BMF07,[MDOS8|
CFDO8MRFB0OIYTCWOI[YBIIFMS10,SM11L[Y1ik12|[SGQ10,[VSC12]. If a com-
munication channel is used as part of the feedback loop to stabilize a plant, then
classical Shannon capacity may not be a relevant metric. In [SMO06], Sahai and
Mitter introduced the notion of “anytime capacity" based on an operational defi-
nition to characterize moment stabilizability of dynamical systems over communi-
cation channels. However, the characterization of the anytime capacity for general
and multi-terminal networks is a difficult task. The papers [BB8ILTSMO04,TMO04!
BMFO7MRFBOIYTCWOIEMS10YTO9SMIIYB11/SGQI0[VSC12] addressing
control over Gaussian channels are more relevant to this thesis. In [BB89] linear
sensing and control policies are shown to be optimal for the LQG control of a first
order linear plant over a point-to-point Gaussian channel. A necessary condition for
stabilization relating eigenvalues of the plant to the capacity of the Gaussian chan-
nel first appeared in [TSM04TMO04]. Some important contributions on stabilization
over Gaussian channels with average transmit power constraints have been made
in [BMFE07,MREB09,[FMS10,YTCWO09,[SM11,[KGLI1[VSC12]. In [BMFE0T7] suffi-
cient conditions for stabilization of both continuous time and discrete time multi-
dimensional plants over a scalar white Gaussian channel were obtained using linear
time invariant (LTI) sensing and control schemes. It was shown in [BMF07,/FMS10]
that under some assumptions there is no loss in using LTI schemes for stabilization.
That is the use of non-linear time varying schemes does not allow stabilization over
channels with lower signal-to-noise ratio. The stability results were extended to a
colored Gaussian channel in [MREFB09]. In [YBI11] the authors considered noisy
communication links between both sensor—controller and controller—-actuator, and
presented necessary and sufficient conditions for mean square stability. Stabilization
of noiseless LTI plants over parallel white Gaussian channels subject to transmit
power constraint has been studied in [YTCWO09,[SM11[KGL11,[VSC12]. The pa-
per [YTCWO09| considers output feedback stabilization and [SMI1] considers state
feedback stabilization, and they both derive necessary and sufficient conditions for
stability under a total transmit power constraint.

Although several problems related to control of a linear plant over point-to-
point Gaussian channels have been extensively studied, the literature on control
of multiple plants over Gaussian networks is scarce. Many important issues such
as resource allocation, interference management, cooperation between terminals,
distributed designs etc. have been widely studied for communication in classical
multi-terminal networks in information theory, however, it is not straightforward
to apply those results to the problems where communication channels are used as
part of a feedback loop to control dynamical systems. Such problems are hard be-
cause a network can have an arbitrary topology and every node within the network
can have memory and can employ any transmission strategy. The papers [Tat03]
and |[GDH™09] have derived conditions for stabilization over networks with digital
noiseless channels and analog erasure channels respectively, however, those results
do not apply to noisy networks. In [SMO06],[Y1ik12] moment stability conditions in
terms of error exponents have been established. However, even a single letter ex-
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pression for channel capacity of some basic Gaussian channels such as relay channel,
broadcast channel, and interference channel [CT06] are not known in general.

1.5 Thesis Outline and Contributions

This thesis studies several open problems related to sensing, estimation and control
of linear dynamical systems over communication networks. In particular we consider
transmission over point-to-point channels, relay channels, multiple-access channels,
broadcast channels, and interference channels. We assume that all the nodes in
the network have limited transmit power and the communication links between all
nodes are modeled as additive white Gaussian channels. The thesis is divided into
following three parts, where each part is comprised of two chapters. Part I focuses
on control of a linear system (plant) over networks, where different agents in the
network can cooperate to communicate state of the system to a remote controller.
The common objective of all agents is to stabilize the plant in mean-square sense.
Part IT considers control of a linear system over basic cascade and parallel Gaussian
networks when the objective is to minimize a quadratic cost function of the system’s
state variables. Part III is a continuation of Part I; it considers stabilization of
multiple linear dynamical systems over fundamental multi-user Gaussian channels.
The thesis ends with a summary of the key findings and some interesting directions
for future research.

Some of the results presented in the thesis have already been published in jour-
nals and conferences, and some are under review. Parts of the thesis are adopted
from the corresponding research papers nearly verbatim. In the following we give a
brief introduction of each chapter along with the reference to the associated papers,
so that the reader knows in advance what to expect in each chapter.

Part I: Chapter

This chapter studies the problem of mean-square stabilizing a multi-dimensional
linear time invariant plant over a multi-dimensional point-to-point Gaussian chan-
nel and tries to address the following questions: i) Is there any loss in restricting
sensing and control policies to be linear? ii) Should the policies be time-invariant
or time-variant? iii) What is an optimal linear scheme? In particular, we show that
linear time varying policies are optimal for stabilization in a large class of settings.
This chapter is based on

[ZOYS13a] A. A. Zaidi, T. J. Oechtering, S. Yiksel, and M.
Skoglund,“Stabilization and Control Over Gaussian Networks,”
in: B. Bernhardsson, G. Como, A. Ranzter (Eds.), “Information
and Control in Networks,” Springer. (In press)
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[ZYOS] A. A. Zaidi, S. Yiiksel, T. J. Oechtering and M. Skoglund, “On
the tightness of linear policies for stabilization of linear systems
over Gaussian networks,” submitted to Systems & Control Letters,
June 2013.

Part I: Chapter [3

This chapter addresses the problem of remotely stabilizing a noisy linear time in-
variant plant over a Gaussian relay network. The network is comprised of a sensor
node, a group of relay nodes that can cooperate to communicate the observations
of the plant’s state to the remote controller. Necessary as well as sufficient con-
ditions for mean-square stabilization over various network topologies are derived.
The sufficient conditions are in most cases obtained using delay-free linear policies
and the necessary conditions are obtained using information theoretic tools. Dif-
ferent settings where linear policies are optimal, asymptotically optimal (in certain
parameters of the system), and suboptimal have been identified. This chapter is
based on

[ZOYS13b] A. A. Zaidi, T. J. Oechtering, S. Yiiksel and M. Skoglund, “Sta-
bilization of linear systems over Gaussian networks,” IEEE Trans-
actions Automatic Control, Accepted July 2013.

[ZOS10a] A. A. Zaidi, T. J. Oechtering and M. Skoglund, “Rate sufficient
conditions for closed—loop control over AWGN relay channels,” in

Proc. IEEFE International Conference on Control and Automation
(ICCA), June 2010.

[ZOYS10] A. A. Zaidi, T. J. Oechtering, S. Yiiksel and M. Skoglund, “Closed-
loop control over half-duplex AWGN relay channels,” in Proc. Re-
glermdte, June 2010.

[ZOYS11] A. A. Zaidi, T. J. Oechtering, S. Yiiksel and M. Skoglund, “Suffi-
cient conditions for closed-loop control over a Gaussian relay chan-
nel,” in Proc. American Control Conference (ACC), June 2011.
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Part II: Chapter 4

This chapter considers the problem of causal transmission of a memoryless Gaus-
sian source over a two-hop memoryless Gaussian relay channel. The source and the
relay encoders have average transmit power constraints, and the performance cri-
terion is mean-squared distortion. The main contribution in this chapter is to show
that unlike in the case of a point-to-point scalar Gaussian channel, linear encoding
schemes are not optimal over a two-hop relay channel in general, extending the
sub-optimality results which are known for more than three hops. In some cases,
simple three-level quantization policies employed at the source and at the relay
can outperform the best linear policies. Further a lower bound on the distortion is
derived and it is shown that the distortion bounds derived using cut-set arguments
are not tight in general for sensor networks. This chapter is based on

[ZYOS13] A. A. Zaidi, S. Yiiksel, T. J. Oechtering and M. Skoglund, “On
optimal policies for control and estimation over a Gaussian relay
channel,” Automatica, vol. 49, no. 9, Sep. 2013.

[ZYOS11] A. A. Zaidi, S. Yiiksel, T. J. Oechtering and M. Skoglund, “On
optimal policies for control and estimation over a Gaussian re-
lay channel,” in Proc. IEEE Conference on Decision and Control
(CDC), Dec. 2011.

Part II: Chapter

This chapter considers a scenario of distributed sensing for networked control sys-
tems. A non-linear scheme for distributed sensing and transmission is proposed.
The proposed non-linear delay-free sensing and transmission strategy is compared
with the well-known amplify-and-forward strategy, using the LQG control cost as a
figure of merit. It is demonstrated that the proposed non-linear scheme outperforms
the best linear scheme even when there are only two sensors in the network. The
proposed sensing and transmission scheme can be implemented with a reasonable
complexity and it is shown to be robust to the uncertainties in the knowledge of
the sensors about the statistics of the measurement noise and the channel noise.
This chapter is based on

[AZWS11] M. Andersson, A. A. Zaidi, N. Wernersson, M. Skoglund, “Nonlin-
ear distributed sensing for closed-loop control over Gaussian chan-
nels,” in Proc. IEEE Swedish Communication Technologies Work-
shop (Swe-CTW), Oct. 2011.
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Part III: Chapter

This chapter studies quadratic stabilization of two linear time invariant plants
over noisy multiple-access and broadcast communication channels with arbitrarily
distributed initial states. We propose to use communication and control schemes
based on the coding schemes introduced by Ozarow et al. [0za84/[OLYC84] for the
multiple-access and the broadcast channels with noiseless feedback which are exten-
sions of the Schalkwijk-Kailath coding scheme [SK66]. By employing the proposed
communication and control schemes over the multiple-access and the broadcast
channels, we derive stability regions those are sufficient for mean square stability
of the two linearly controlled LTI systems. This chapter is based on

[ZOS10b] A. A. Zaidi, T. J. Oechtering and M. Skoglund, “Sufficient con-
ditions for closed-loop control over multiple-access and broadcast
Channels,” in Proc. IEEE Conference on Decision and Control
(CDC), Dec. 2010.

Part III: Chapter [T]

The problem of feedback stabilization of LTI plants over a Gaussian interference
channel is considered. Two plants with arbitrary distributed initial states are moni-
tored by two separate sensors which communicate their measurements to two sepa-
rate controllers over a Gaussian interference channel under average transmit power
constraints. Linear delay-free sensing and control schemes are proposed and suffi-
cient conditions for mean-square stability are derived under these schemes. Neces-
sary conditions for mean square-stabilization are also derived, that are shown to
be tight for some system parameters. Further it is shown that linear memoryless
sensing and control schemes are optimal for stabilization in some special cases. It
is shown that the conventional estimation based control strategies can be quite in-
efficient in multi-terminal settings, unlike point-to-point channels where they are
optimal. This chapter is based on

[ZOYS13c] A. A. Zaidi, T. J. Oechtering, S. Yiiksel and M. Skoglund, “Multi-
plant stabilization over Gaussian interference channel,” IEEE
Transactions Automatic Control, To be submitted.

[ZOS11] A. A. Zaidi, T. J. Oechtering and M. Skoglund, “Closed-loop stabi-
lization over Gaussian interference channel,” in Proc. IFAC World
Congress, Aug. 2011.
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[ZOS13] A. A. Zaidi, T. J. Oechtering and M. Skoglund, “On stabilization
over a Gaussian interference channel,” in Proc. European Control
Conference (ECC), July. 2013.

1.6 Contributions Outside the Thesis

The author of the thesis also contributed to the published papers [KZS10,/ZKYS09¢,
ZKYS09bZKYS09aFZFS13/BZOS12BZ0S13alBZ0OS13b], which are not included
in the thesis. In [KZS10/ZKYS09¢|ZKYS09blZKYS09a|] we propose design of delay-
free relaying schemes with the objective of maximizing information transmission
rate for some Gaussian relay channel setups, and show that non-linear schemes
significantly outperform linear schemes. The papers [KZS10,BZOS12] propose the
use of relay for managing interference in delay sensitive applications such as large
sensor networks and networked control systems. The paper [FZFS13| proposes a dis-
tributed algorithm for power control and interference alignment over MIMO inter-
ference networks. In [BZ0OS13a[BZOS13b] we study stabilization of linear systems
over a Gaussian interference relay channel and show that considerable improvement
in stability can be achieved by deploying relays in interference networks.

IKZS10] M. N. Khormuji, A. A. Zaidi and M. Skoglund, “Interference man-
agement using nonlinear relaying,” IEEE Transactions on Com-
munications, vol. 58, no. 7, pp. 1294-1930, July 2013.

[ZKYS09¢] A. A. Zaidi, M. N. Khormuji, S. Yao and M. Skoglund, “Rate-
maximizing mappings for memoryless relaying,” in Proc. IEEE In-
ternational Symposium on Information Theory (ISIT), July 2009.

[ZKYS09b] A. A. Zaidi, M. N. Khormuji, S. Yao and M. Skoglund, “Optimized
mappings for dimension-expansion relaying,” in Proc. IEEFE Signal
Processing Advances in Wireless Communications (SPAWC), June
20009.

[ZKYS09a] A. A. Zaidi, M. N. Khormuji, S. Yao and M. Skoglund, “Optimized
analog network coding strategies for the white Gaussian multiple-
access relay channel,” in Proc. IEEFE Information Theory Workshop
(ITW), Oct. 2009.
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[FZFS13] H. Farhadi, A. A. Zaidi, C. Fischione, and M. Skoglund, “Dis-
tributed interference alignment and power control for wireless
MIMO interference networks with noisy channel state informa-
tion,” in Proc. IEEE Black Sea Conference on Communications
and Networking (BlackSeaCom), July 2013.

[BZOS12] 1. Bilal, A. A. Zaidi, T. J. Oechtering and M. Skoglund, “Managing
interference for stabilization over wireless channels,” in Proc. IEEFE
International Symposium on Intelligent Control (ISIC), Oct. 2012.

[BZOS13a] 1. Bilal, A. A. Zaidi, T. J. Oechtering and M. Skoglund, “Feed-
back stabilization using relay in interference channels,” in Proc.

IEEE Signal Processing Advances in Wireless Communications
(SPAWC), June 2013.

[BZOS13b] I Bilal, A. A. Zaidi, T. J. Oechtering and M. Skoglund, “An opti-
mized linear scheme for stabilization over multi-user Gaussian net-

works,” in Proc. Information Theory and Applications Workshop
(ITA), Feb. 2013.
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As detailed in Section [[LE] parts of the material presented in this thesis have been
already published by IEEE, Elsevier, and Springer and some parts are submit-
ted to IEEE and Elsevier. IEEE, Elsevier, and Springer hold the copyright of the
corresponding published papers and will hold the copyright of the corresponding
submitted papers if they are accepted. Material is reused in this thesis with per-
mission.
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Chapter 2

Point-to-point Channels

with a random initial state and driven by Gaussian noise has to be remotely

stabilized. A sensor node monitors the plant and communicates its observa-
tions (measurements) to a remotely situated control unit over a communication link,
that is modeled as an additive white Gaussian channel. The common goal of the
sensors and the controller is to stabilize the plant in closed-loop. Usually in remote
control applications, sensing and transmission under strict delay and power con-
straints are required. Therefore, we focus on delay-free and energy efficient sensing
and transmit schemes throughout the chapter. We study mean-square stabilization
of a linear dynamical system over vector Gaussian channels. Some real-time sens-
ing and control schemes are proposed and stabilizability of the plant under those
schemes is studied. We try to address the following interesting questions in this
chapter: i) Is there any loss in restricting sensing and control policies to be linear?
ii) Should the policies be time-invariant or time-variant? iii) What is an optimal
linear scheme?

If the goal is stabilization in the sense of ergodicity [YukI2] or similar notions
such as stability in probability [SMOG6MS07], Shannon capacity is the right measure
to tell what is possible or not. But if the goal is stabilization in the sense of second
moment, then knowing Shannon capacity is not sufficient [SM06]. However, the
Gaussian setting is special due to the possible mean-square optimality of linear
policies as a consequence of what is known as source-channel matching [GRV03]
BB89,[TSM04]. In the control literature, these problems have also been considered
where the sufficiency of Shannon capacity being greater than a lower bound has
been observed in a class of settings [FMSI0JSM11/KGL11], which, however, consider
noise-free plants. It is observed in [SM1I] that LTI schemes are not optimal for
stabilization over parallel channels. For optimal encoding in the unmatched case,
linear encoding is also not optimal in general [Pil69,[LP76]. One of the main results
presented in this chapter states that linear schemes are actually optimal for a wide
class of source-channel pairs when the objective is quadratic stability.

This chapter considers a setup where a linear time invariant system (plant)

21
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Figure 2.1: Control over parallel Gaussian channels.

2.1 Problem Formulation
Consider the following linear time invariant system:
Xip1 = AXy + BU + Wy, teN, (2.1)

where X; € R™ is a state process, U; € R" is a control process, W; € R™ is an
independent and identically distributed sequence of Gaussian random variables with
zero mean and covariance Kyy. The matrices A and B are of appropriate dimensions
and the pair (A4, B) is controllable. Let {A1, A2,..., A, } denote the eigenvalues of
the system matrix A. Without loss of generality we assume that all the eigenvalues
of the system matrix are outside the unit disc (1 < |);| < oo for all i), i.e., all modes
are unstable. The initial state Xy is a random variable with bounded differential
entropy |h(Xp)| < oo and a given covariance matrix Ag with Tr [Ag] < oo. Consider
the scenario depicted in Fig. 2.1, where a sensor observes an n-dimensional state
process and transmits it to a remote controller over m parallel Gaussian channels.

At any time instant ¢, Sy := [S1,t,S2,t,- -, Sm,¢e) and Ry := [F1,4,72,4, - .-, T'm,¢] are
the input and output of the channel, where r;; = s;¢ + 2;4 and z;; ~ N(0, N;)
are zero mean white Gaussian noise components with Ny < Ny < --- < N,,,. We

assume that there is a noiseless causal feedback link from the controller to the
sensor and the plant. Let f; : R(tmit+n _, Rm denote the sensing policy such
that Sy = fi(Xo,, Rjo,t—1)), where X[oy = {Xo,X1,...,X;} and the sensor is
assumed to have an average transmit power constraint E[||S;||?] < Ps. Further, let
m : RmHD — R™ be the controller policy, then we have U, = m; (Rjo,4). The
common goal of the sensor and the controller is to stabilize the system (2)) in the
mean square sense. The notion of mean-square stability is introduced in Chapter
[l however, in the following we define it for the sake of completeness.

Definition 2.1.1. A system is said to be mean square stable if there exists M < oo
such that sup, E[|| X¢]|?] < M.
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2.2 Necessary Condition

We first present a necessary condition for mean-square stabilization over the point-
to-point Gaussian channel depicted in Fig. 211

Theorem 2.2.1. The linear system in (Z11) can be mean square stabilized over the
given parallel Gaussian channel only if

log (|det (A)]) < %Zlog (1 + %) , (2.2)

with P; = max{y — N;,0} and v is chosen such that Y .-, P; = Ps.
Proof. In order to prove Theorem 221l we make use of the following lemma.

Lemma 2.2.1. The linear system in (ZI) can be mean square stabilized over a
channel only if

|
log (|4]) < hTIgloréf TI (Sjo,r—1) = Rjo,r-1)) » (2.3)

where 1 (S[O,Tfl] — R[O,T,l]) = tT:_Ol I (S[Oyt];Rt|R[0’t_1]) denotes the directed in-
formation between the sequence of channel input variables Sio r—_1) and the sequence
of channel output variables Sjo 1] received at the remote controller.

Proof. The proof is given in Appendix 2.Al O

We can bound the directed information [ (5[07T71] — R[o,T71]) as
I (S[O,T—l] — R[O,T—l])

(a)

< I (Spo,r—1); Rpo,r-1))

() T=1
< Z T(S1,6,82,80 s SmtiT1t, 72,85+ -+, Tmt)
t=0
71
= Z (h(rie,mots ooy Tme) = (e o, oo Tt S1,e, S2,5 - - -5 Smt)]
t=0
71
= Z (B (ries oty Tme) = R (216 22,80+ o ZmotlS18: 82,85+ -5 Smt)]
t=0
71
= (h(ries 2ty Tme) — b (21,6, 22,85 -+ Zm,t)]
t=0
() -1 m m
< > h(ri) = h(zia)
t=0 Li=1 i=1
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—~

9 TZ‘I [glog (1 + %)1

t=0
T & P

= — Zlog (1 + —1) ; (2.4)
2 i=1 N;

where (a) follows from [Mas90, Theorem 1]; (b) follows from the fact that
the channels are memoryless and conditioning reduces entropy; (c) follows from
conditioning reduces entropy and mutual independence of the noise sequence
{z1t, 22,4, "+, zZm,t}; and (d) follows from the fact that the Gaussian distribution
maximizes differential entropy for a fixed variance. Now using (Z4)) in Lemma 2211

we get the necessary condition given in (Z2)). The function ZiL=1 log (1 + %) is
jointly concave in {P;}™,, therefore we can solve this optimization problem by the
Lagrangian method. The optimal power allocation using the Lagrangian method is
given by P; = max{y — N;,0}, where v is chosen such that Y., P, = Ps, which is
the well-known water-filling solution [TV05]. O

We now discuss some sensing and control schemes for stabilization over the given
point-to-point Gaussian channel. By employing these schemes, we obtain sufficient
conditions for stabilization, which are also presented in the following sections. The
corresponding methods for scalar and vector channels are discussed in Sec. 2-3] and
Sec. 2.4 respectively.

2.3 Scheme for Scalar Channels

In this section we consider mean square stability of the system in (2] over a scalar
Gaussian channel, i.e., we assume that m = 1 in the system model shown in Fig. 211
The state encoder £ observes the n-dimensional state process and transmits it over
a one-dimensional Gaussian channel. We restrict our study to the class of encoders
that are linear in the observed state with an average transmit power constraint Ps.
Therefore at any time ¢, the signal transmitted by the state encoder is given by
S = Ey Xy, where F; is an 1 X n row vector. The power constraint at the encoder
is given by

E[S7] = E,MES < P, (2.5)
where A; := E[X; X[']. The remotely located controller receives the following signal,
Ry = S + Zy, (2.6)

where Z; is an i.i.d. Gaussian variable with zero mean and variance N. The infor-
mation set available to the controller is IS = {Rp0,4, Ujo,+—17}- The controller applies
an action which is linear in the information set, that is U, = mtItC. In the following
we study mean square stability under the above linear sensing and control scheme.
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We have restricted ourselves to linear schemes because they are easy to design
and implement. At this point, we highlight some interesting questions that may
arise in the reader’s mind: i) Is there any loss in restricting sensing and control
policies to be linear? ii) Should the policies be time-invariant or time-variant? iii)
What is an optimal linear scheme? We try to address these questions in the Sections
2.0.1H2.5.2)

2.3.1 A Linear Time Invariant Scheme

Consider the linear scheme presented above to be time invariant, i.e., at any time ¢,
the encoder output is given by, S; = EX;. The controller receives R; = EX; + Z,
then it runs a Kalman filter to estimate the state and applies the following action
U; = —AE[X;|I€], which is optimal for stabilization under the given sensing scheme.
Thus the closed-loop system is given by

Xey1 = A (Xe — E[X|IC]) + Wy
(i) A (Xt — AtET [EAtET + 0'3] ! Rt) + Wt

® » (I ~ MET [ENET 4027 E) X, + 7, (2.7)

where (a) follows from the fact that the control actions whiten the state pro-
cess and the Gaussian distribution of state process is preserved via linear ac-
tions of the encoder and the controller, which results in E[X;|I{] = E[X;|R;] =
E[X,RIE[R,R]| ' R;; and (b) follows by substituting R; = EX; + Z; and sum-
ming up all the white Gaussian noise terms and denoting the sum by Z;. The state
covariance matrix A; satisfies the following recursion

Apsr = AMAT — ANET [EAET + 0% EAMAT 4 Ky, (2.8)

which is the well-known Riccati equation. In [BMEQ7], the authors studied such
a scheme. According to [BMF(7], a noiseless plant can be mean square stabilized
by any time-invariant encoding matrix £ over a Gaussian channel of information
capacity! C' as long as the following two conditions are fulfilled: i) log (|det (A4)|) <
C, ii) the pair (A, E) is observable.

We now give a simple example where the LTI scheme fails to stabilize the system.
Consider a diagonal system matrix A = diag(\1, A2, A3) with two equal eigenvalues

and let ' = ( e1 ez €3 ) The observability matrix O is then given by

E el €2 €3
@ = EA = 61)\1 62)\2 63)\3 . (29)
EA? e1A? ezl e3A?

1The definition of information capacity for Gaussian channels can be found on page 263
in [C'TO6].
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For the pair (4, F) to observable, the observability matrix O is required to have
full rank. In the above example if any two eigenvalues of A are equal, then there
can be at most two linearly independent columns in O and thus O can never be
made of full rank by any choice of E. (One can also use the Hautus—Rosenbrock
test for observability.) Therefore, an LTI scheme can never stabilize if two or more
eigenvalues of a diagonal system matrix are equal, no matter how much power
the encoder is allowed to spend. In Section [24] we introduce a linear time varying
scheme and show that this scheme can always stabilize the system.

2.3.2 An Optimal Linear Scheme for Stabilization

Consider a linear system with diagonalizable system matrix A and diagonal Ky . For
this linear system, we derive an optimal linear time varying sensing policy £} which
minimizes the following cost: 7| E [[IX¢]|1]. We have restricted the matrices A
and Ky to be diagonal for the ease of analysis. The optimal time varying sensing
scheme is presented in the following theorem.

Theorem 2.3.1. Let G = {\/ﬁ,o,o,...,o} e R, K, = AT (I+Kt+1)A(I -

GTG (NJer) ) with Ky, = 0, and m be a wunitary matriz such that
1 1
e (At2 AT (I+Kt+1)AAf) m = diag (Vi gy ..., Un) with vi > vay > - > 0.
-1
The optimal linear time varying sensing policy is given by: Ef = GmA, 2.

Proof. We rewrite the Riccati equation (Z.8)) as

AZET [EtAtEtT 1]1 EA?
VN | VN VN

@ qr3 T T -1 3 AT

D AA; (I—Ct [c.CT +1] ct) A?AT 4 Ky

QAN [1+CTC) T AP AT + K, (2.10)

Apsr =AA? <I _ ) AP AT 4 Ky

1
BA? - .
~; and (b) follows from the matrix inversion lemma

where (a) follows from C; :=

[[+UWV]t=T1-UW™1+ VU]V, by choosing U = CI',W =1,V = C,.
The finite horizon optimal stabilization problem can be stated as:

tf*l
1 .
{C*}?fzo = arg min Tr[Ass1], (2.11)
L I R

subject to,

1

Avir = ANZ [T+CTC] T A2 AT + K. (2.12)
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This is a non-linear dynamic optimization problem. In order to solve this problem
we follow a dynamic programming approach. Such an approach has also been con-
sidered for continuous time systems in [BB94]. At any time ¢ let the value function
be Vi (A¢) = Tr[KiA: + Li]. We have to find C; such that

T‘I‘[KtAt + Lt] = mn% {T‘I‘ [At-‘,-l] + Tr [Kt+1At+1 + Lt—‘,—l]}
Cy:C.CF <

= min Tr [(I + KtJrl) At+1 + Lt+1]
Ccp.C 0P <L

1 — 1
2 min Tr[([—i—KtH) x (AAtz [1+CTCy] 1At2AT+KW> +Lt+1]
Cp:CrCf <L

@ TI'[(I+Kt+1)Kw+Lt+1] min I‘|:(I+Kt+1)AAt§ [I+C’,5TCJ

Ccyp:Ccf <L

-1

AZ AT}

1 1 _
= T[T+ Kop) Kw + Lo+ min TY[Af AT (I4+ Ky 1) AA} [T+CTC)] 1}
1:CCy <§

—~
O

D [(I4+ K1) Kw + Lisa] + Tr [AEAT (I+Ky11) AA? [T+mGTGrT] ‘1]

d
@ 7 Te (14 Kop) Kw + Loga] +

1
Tr|A? AT (I+ K1) AA?

/N

I-mG" (14 Gr} ﬂ'tGT) Gry )}

(:e)Tr[

(I+ K1) Kw + Lita] +

] . ) oy
Tr| A" (I+Kt+1)A(At — AéthTthTAE (1 + N) )]

0

Tr[(I+ K1) Kw + L] + Tr [AT (I+Kp41) A(I -GG (N]i P) )At} :
(2.13)

where (a) follows by substituting A;4+1 using equation ([ZI2)); (b) follows from the
fact that K11 and Li41 do not depend on Cy; (c) follows from the fact that ac-
cording to [Bas80] the unique solution to the trace minimization problem given

by Cf = Gr, where G := [,/%,0,0, . ..,O}, and m; is a unitary matrix which
diagonalizes (At% AT (I+K1q) AAE) such that 7} (A AT (I+ K1) AN} )ﬂ't =

diag (v1,t, ..., Unt) With v1 4 > vay > --- > 0; (d) follows from the matrix inver-
sion lemma, [[ + UWV]™t = I — U[W~! + VU]~V by choosing V = Grl, W =
LU = mG7T; (e) follows from mr} = I and GGT = L; and (f) follows from

the assumption that A and A; are diagonal, which implies that K;;1 and 7; are
also diagonal. (Diagonality of K;y; will become clear shortly.) Therefore, we have
A mGTGrIA? = AF GTGA? = GTGA, since GTG is diagonal. In order to satisfy
the above equality (ZI3)), we choose K;, = L;; = 0, and {K¢ 1, L¢y1} according
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to

Ky = AT (I+ K1) A<I -G'G < al > )

N+ P
Ly = (I+Kit1) Kw + Ly (2.14)
We can observe that K; is also diagonal if A and Ky are diagonal, since GG 1is
diagonal. We have found the optimal C} = Gm; and we know that C; = %,
therefore, Ef = GmA;% where G := VNG = |VP,0,0,--- ,O] O

2.4 A Linear Time Variant Scheme For Vector Channels

In this section we propose a linear time varying scheme for stabilization over vector
Gaussian channels and derive sufficient conditions for mean-sqaure stability under
the proposed scheme. We also state conditions that guarantee optimality of our
proposed scheme.

We first give the scheme for a system with invertible input matrix B, assuming
that B = I in (Z1)): Consider that the control actions in ([Z1I) are taken periodically
after every K time steps, i.e., at ¢t = [K — 1 for [ € N. Under this control strategy,
the state equation at t = [K is given by

K-1
Xt+K = AKXt + Ut+K—1 + Z AK_i_IWt_H‘. (215)
=0

For AKX € R"*" there exists a real non-singular matrix 7' and a real matrix A
such that T~*AXT = diag[Ji,...,J,], where J, is a Jordan block of dimension
(algebraic multiplicity) n, [HJ90]. A Jordan block J, € R"»*™» associated with a
real eigenvalue A of multiplicity n, has the following form:

Al

Jp = B : (2.16)
S
A

and a Jordan block J, € R™*"» associated with a complex conjugate pair of
eigenvalues A = ¢ + jw is given by

D I
D

-
I

(2.17)
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where D = c v ) Now apply the linear transformation X; = 71X, such
—w o

that T"1AXT is in a real Jordan normal form. Under this transformation, (ZI5])
is written as

Xt—‘,—K:AXt'i_Ut-‘,-K—l"'VZ; for t:ZK,leN, (218)

where A:=T1AKT U, := T-U,;, and V, =71 Zfigl AK="=11, ;. The ma-
trix A is in real Jordan form with eigenvalues \; = A, where )\; are the eigenvalues
of A.

Now consider that the sensor observes the state vector X; :=
[x17t,m2,t,...,l‘n,t]T periodically at ¢ = [K. The sensor has access to m par-
allel Gaussian channels over which it wishes to communicate the state vector X; to
the remote decoder/controller. We propose the following periodic linear transmit
strategy. Consider that within each period of K time steps, the encoder linearly
transmits different components z;; of the state vector X; on different channels
such that the following two conditions are satisfied in every time step ¢:

1. Each channel is used for the transmission of at most one state component,
i.e., two components of the state vector are not transmitted over one channel
simultaneously.

2. None of the state components is transmitted over more than one channel
simultaneously.

Let k;; € N be the number of times the j-th channel having information information
capacity is used to transmit the state x; ;. Under the proposed scheme, we have

kij > 0, Zkij <K, Zkij <K. (2.19)
j=1 i=1

We assume that z;; is Gaussian distributed due to the following argument: If the
initial state x; o is not Gaussian distributed, then one can perform an initialization
step following the idea in [SK66] to make it Gaussian. This initialization step is ex-
plained in Appendix [3.Bl After this initialization step, the state is always Gaussian
distributed since the policies are linear and the noise variables are Gaussian. There-
fore, without loss of generality we can assume that x;; is Gaussian distributed. Let
Z;,+ denote the decoder’s MMSE estimate of z;; at the end of each transmission
period of K time steps. It is shown in Appendix 2.B]that under the proposed linear
scheme, the minimum mean-squared error of each state component is given by

E [(zis - 810)%] = 9722 MO 42 ], (2.20)

Let us define Xest,t := 21,4, 82,4, .-+, 2nt]T. The controller then takes the following
actions Ut+K71 = —fl){'est,t at t =I1K — 1. Let f;; == i Tt is shown in Sec. ZAJ]

K
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that if we can choose {K, k;;} such that {f;;} satisfy the conditions given in the
following theorem, then the plant is mean-square stable.

Theorem 2.4.1. The system (21)) can be mean square stabilized over m parallel
Gaussian channels using a linear time varying scheme if there exist f;; € Q such

that fi; >0, 3300 fiy <1, 3501, fi; <1 and

log (|Ai) < D fi;Cy, Vi€ {1,2,...,n}, (2.21)

j=1
where \; are eigenvalues of the system matriz A in 1)) and C; := 3 log(1 + ]%)
Proof. The proof is given in Sec. O

Theorem 24Tl holds for a system with a controllable (A, B) pair by the following
argument: For a system with controllable (A, B), any input can be realized by n
consecutive actions of the controller. Since the state encoder has access to the
channel outputs, the encoder-decoder pair can always keep refining estimates of
the state components during the K time steps according to the scheme given in the
appendix. At the end of K time steps, an estimate X, is available at the controller
side. Now the controller wishes to apply an input —AX,4, which can be realized in
following n time steps due to the assumption that the pair (A, B) is controllable.
During these n time steps, when the controller is applying actions to realize the
input —AX,,, the encoder-decoder pair will keep on refining the state estimate.

2.4.1 Tightness of the Linear Scheme

Papers [SM11[KGLII] derive conditions for mean-square stabilization of noiseless
linear plants over parallel Gaussian channels. The necessary condition in [SM11]
Theorem 6] is not tight in general and its achievability is not guaranteed by LTI
schemes. The paper [KGLI1I] proposes a non-linear scheme for a noise-free scalar
plant and derives a sufficient condition [KGL11, Theorem 6], which coincides with
the necessary condition (Z2). Thus, the non-linear scheme in [KGL11] is optimal
for stabilization of noiseless scalar plant. In the following, we present the conditions
under which the proposed linear scheme is optimal for mean-square stabilization of
noisy multi-dimensional plants over vector Gaussian channels.

Theorem 2.4.2. The linear scheme is optimal for mean-square stabilizing an n-
dimensional plant over m parallel Gaussian channels if there exist f;; € Q such

that fij Z 0, Z;nz*l fij S 1, Z?:l fij =1 and

& Ly by
log (| Jid oo (14 22, 2.22
st < 3 Gos (14 222
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for all i € {1,2,...,n} and j € {1,2,...,m*}, where P} is the optimal power
allocation given by the water-filling solution and m* < m is the number of active
channels for which optimal transmit power is non-zero.

Proof. According to the water-filling solution [TV05, pp. 204-205], the optimal
power allocation over sub-channels for maximizing information capacity is given
by P = max{y — N;,0}, where 7 is chosen such that Z;z] Py = Ps. Since we
have assumed N1 < Ny < --- < N,,, there exists 0 < m* < m such that Pj* > 0 for
J <m*and Py =0 for j > m*. Suppose we allocate the powers to the sub-channels
according to the water filling solution, i.e., we now have m* active parallel channels

with capacities C; = %log (1 + %) for 1 < 7 < m*. According to Theorem 2.4.1]

the system in (ZI)) is mean-square stable under the linear time varying scheme if
there exist fij € Q such that fij >0, Z;nzl fij <1, Z?:l fij <1 and

log (|\i]) < Z Jii log (1 + i ) (2.23)

foralli € {1,2,...,n} and j € {1,2,...,m*}. Summing over 1 < i < n, we get

Zlog |Ai]) < i::

3

i < fij> C;. (2.24)

Observe that if >-" | f;; = 1, then ([224) can be written as

log (]det (A Zlog [\i]) < Zlog (1 + FJ) ) (2.25)
253 !

which is the same condition as (2.2), i.e., the necessary and the sufficient conditions
coincide. Thus, the proposed scheme is optimal in the sense that there does not exist
any other scheme that can stabilize the plant with a lower transmission power, when
there exist coefficients f;; that satisfy the conditions given in Theorem [Z421 O

Remark 2.4.1. A general vector Gaussian channel can be decomposed into an
equivalent parallel channel by employing linear pre-processing at the encoder and
linear post-processing at the decoder [TV05, pp. 292]. If the equivalent parallel chan-
nel satisfies the conditions in Theorem[2-4.3, then the proposed linear scheme is also
optimal over the given vector Gaussian channel.

Remark 2.4.2. The verification of the existence of coefficients fi; satisfying the
conditions given in Theorem [2.1.2 is a linear program and is computationally fea-
sible. In the following we provide some particular instances where linear scheme is
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optimal. In all the following ezamples, we assume that Y . log(|\;|) < Z;nzl Cj
because this is a necessary condition for stabilization.

1. If n = m, log(\;) < C;, then we can choose fi; =1 and f;; =0 for j #1i.

2. Ifm=2,n=3, with \y = X\ = )\é, Co = ICy for any l € N, then we can
choose, fi1 = fo1 =1,f31 =0, fio = fao =0, f3o = 1.

3. If m =1 (scalar channel), then we can choose fi1 = % for all 7.
i=1 K

Remark 2.4.3. The sufficient condition [KGLI11, Theorem 6] for stabilization of
a scalar notseless plant over parallel Gaussian channels with the necessary condi-
tion Z2). Thus the non-linear scheme in [KGLI1I1|] is optimal for stabilization of
noiseless scalar plant. The non-linear scheme [KGLI11l] can be combined with the
time varying scheme proposed in Sec. to get an optimal scheme for stabilization
of noiseless multi-dimensional plants. Thus the necessary condition ([22)) is also
sufficient for stabilization of noiseless multi-dimensional plants.

2.4.2 Proof of Theorem [2.4.7]

Under the proposed linear scheme, we can write [2I8)) as
Xt—i—K == A (Xt - Xest,t) + ‘/;5, t= lK,l S N, (226)

where A is in real Jordan form with eigenvalues A;. Some of these eigenvalues can
be either real or complex and distinct or have algebraic multiplicity. According to
([2240), the state component corresponding to a real distinct eigenvalue \; is given
by

Tiprx = Ni(@ix — Liye) + Vi (2.27)

For a complex eigenvalue pair N = 5\;" 1, the state components are given by

Tiprk = 0(Tig — &ig) + O(@ig1,t — Big1,e) + Vi,
Tip14k =—0(Tip—Tit) +0(Tig1,e—Tip1,t) Vi1t (2.28)
If A\, = Aj1 = --- = Ay = A for some 7 < s, then according to (ZI6) and (Z26)

the corresponding states are given by

Tit+K Zj\(wz‘,t — %)+ (Tig1,e — Big1,e) + Vi,

Tst+K :S\(ms,t - i’s,t) + Vst (229)
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fori=r,...,s—1. Finally, if \, = S\:H =X\y2 = 5\:+3~~~ = \* =6 + j& for some
r < s, then according to (ZI7) and (Z20) the corresponding states are given by
Tiprk =0(Ti—Ti ) F0( i1t —Tit1,e) +(Tito,e—Titat)
+vig, for i=rr+2,...,58-2,
Tiv1 4k =— O(Tit—Tit) 0 (Tig1,e—Tig1,6) + (Tits e —Tivae)
+ Vi1, for i=r4+1,r+3...,5—-1,
Ts—1,4+K =0(Ts16 — Ts1,t) + W (st — Tst) + Vse1,t,
ToprkK = — W(Ts1,t — Toe1,t) + 0(Tsp — Tot) + Vst (2.30)

In the following we find conditions which are sufficient for mean-square stabi-

lization of the state components given by (Z27), 22]), (Z29), and (Z30), that

covers all possible Jordan blocks for the system matrix A. We first consider the
state equation (227)) corresponding to a unique real eigenvalue X;. Let ki; be the
number of times the j-th channel is used for the transmission of state z; ; associated
with the unique real eigenvalue \;. The second moment of Tit+k at t =1K is,

E [%%HK] = PE (4 — 2i0)] + E [0]]
722 k”C [ ?’t] +u, (231)
where (a) follows from the (ZZ0) and v; := E [v7,] for i = 1,2,...,n. Since v; is

bounded, we observe that E [27,] is bounded if \227° Y kiaCi . Thus, the
state x; ¢ is stable if

2722kl g
= log (|\]) kac (2.32)

Next consider the states in (Z28]), which are associated with a unique complex
eigenvalue pair S\i,S\iH. Since |5\Z| = |5\i+1|, we assume that k;; = kipqj, ie., all
the channels are equally used for the transmission of x;+ and z;11,+. The second
moments of x; 1+ x and x;11,++ Kk at t = [K are given by

E[e2,,x] =272 2= "% (BB [o2,] + %K [2,1,])

+ 260K (i, — &i¢) (@1, — Tigre)] + 14, (2.33)
72 kij J ~

E [0 0nc) =2 20m 9 PR [12] + 7B [a,4,1])
— 200K [(Ii,t — .fiﬂg) (Ii-i-l,t — xi+17t)] + Vig1. (234)

By summing (233) and [234) we get,

E (12, i) +E[t2 5] = (67 +02) 272 20m b
x (E[2?,] +E[» 1+1t])+7/i+7/i+1- (2.35)
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The sum E [ 2 t+K} +E [ T3 t+K] is bounded if (&2 + @2) 972 2 ki < 1. Since

Ail2 = N2 = (G2 + @ )2 and ki; = k;y1;, we have the following conditions for
stabilization:
B m
log (|X]) <> kiCy,
j=1
log (|Ait1]) Zklﬂj (2.36)

Now consider the state components {x; ¢ }$_,., corresponding to the Jordan block
associated with real eigenvalue given in ([2:29). Since all the states are equally
unstable, we let k,; = ky41; = -+ = ks; =: k;;. Following the same steps as in
(Z3T), we can show that z; is stable if log (|A]) < Yo kijCy Fori=r,...,s—1,
if we assume that ;4 is stable, the second moment of z; 1 x at ¢ = [K can be
bounded as

E[27, ] WiE [(ﬂ%t - @i,t)ﬂ +E [(x”l’t B iiJrl’t)Q}
+ 2XE (@50 — i) (Tiv1 — Zig1)] + v
®529-2> 0, kisCig [22,] +2 22O e
+ 2XR [(mi4 — £ig) (Tig1e — Bigra)] + v

@y oS g
S MOE [ ] 42 s MOE [l ]

+25\\/E {(fi,t_ji,t)ﬂ E [($i+1,t_.fi+1,t)2} +v;
7)\2 22,1” JE[ }4’2 22 JJE[

232 2 ks \/IE (23 ) E [23,,] +vi

(d)
<UiE [23,] + ba/E [2,] + bs, (2.37)

where (a) follows from (Z29); (b) follows from (Z20)); (c) follows by Cauchy Schwarz
inequality; (d) follows from the assumption that x;41, is stable ie., E [ T, J <M

we have already shown that z, ; is stable if log (|A]) < 27", ki;C;) and by defining
’ ]_1 7~

by = 5\22_2 Zj:l kijcj, by = 25\2_227:1 ki C; v M, and b3 := 2_227:1 qujCjM-i-l/i.
We now find a condition to ensure convergence of the sequence,

'L+1 t]

ogy1 = brog + bav/oy + bs, (2.38)

by making use of the following lemma.



2.4. A Linear Time Variant Scheme For Vector Channels 35

Lemma 2.4.1. Let T : R — R be a non-decreasing continuous mapping with a
unique fized point x* € R. If there exists u < z* < v such that T(u) > u and
T(v) < v, then the sequence generated by xy11 = T(x;), t € N converges starting
from any initial value xg € R.

Proof. The proof is given in Appendix 2.Cl O

We observe that the mapping T'(a) = by + boy/a + bz with a > 0 is monoton-
ically increasing since b1, by > 0. It will have a unique fixed point «* if and only if
b1 < 1, since bg, bg > 0. Assuming that b; < 1, there exists u < o* < v such that
T(u) > wand T'(v) < v. Therefore, by Lemma 24Tl the sequence {c} is convergent

if by = 329722l kil g log(\) < >oit kijCj. Since \Ail = X, @4 is stable if
log (|\i]) kac (2.39)

Finally, let us consider the states given in ([Z.229) corresponding to the Jordan block
associated with the complex eigenvalues. Since all the state components {z;+};_, 1
are equally unstable, we fix k,; = kyy1; = -+ = ksj = kij. Followmg the same steps

as in (Z33), Z34), and (Z35), we can show that the sum E [2? t+K] +E [z? T K]
is bounded if

1og < Zk Cj,
j=1
log (|As]) < ki Cj. (2.40)
Jj=1

Fori=r,r+2,r+4,...,5s— 3, we have

E [of,c] =277 20 9 (B [0 ] +6%E [o2,1,] +E [o5,])
+ 260K [(w4, — Zit) (Tig1,6 — Tig1,t)]
+20E [(Tit1,t — Tiv1,t) (@it — Tivar)]
+26E [(5,t—Zit) (Tigot—Fivar)]+vi, (2.41)

E [oh ax] =277 20O (@B 23] +5°E [oh,1,] 4B [o5.))
—26WE [(xip — Zit) (Tig1,6 — igt1,e)]
+26E [(Tig1,0 — Tit1,t) (Tigae — Tiga,e)]
—20E (it — Zit) (Tirs e — Daa,e)] Vi (2.42)
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Assuming that z;12; and x;y3,; are stable, the sum E [ ; t+K} +E [ Tiyq, t+K} is
bounded by

E [ofyx] + B onien] @ (6% +0%) 272 20m M (B [22] + B o))
277 2 R (E [2712,4] +E [27,3,])

+ 20K [(wit — &it) (Tivor — Tivar)]

+26E(

+20E [(Tit1,t — Tiv1,t) (@ivor — Tivar)]

— 20K [(245,t — Zit) (Tig3,t — Tigse)] + Vi + Vig1

Tiv1,t — Bit1,t) (Tigse — Tivs,t)]

¢ (62 +@?) 2 2 2= M0 (B[22, + B[22, ])

+ 2_22:;1 F (E [ Tit2, t] +E [ ])
4259 22 kisCi \/IE [22,] E [22,,,]

+ 252 22 ki€ \/E a1 E[275,]
42w 22 ki \/E [22,14) E [27,5,]

2272 2 P \/IE 23] E [23,5,] +vi +vina

(é) (62 + ) 9 2205, kiiCs (E [¢7,] +E [27,1,])

42722 Gy 2&2‘22-:1 %ML JE [22,]

+252 72 im B Gy B (a2, ]
2@ 220 kG E [+7,]

+ 202 Z, R G ]E[ zJrlt}erJrl/m

(d)
< by (B [o2 ] +E [2,1,.]) +b2\[E [52,] + B [52,,,] +5s,

(2.43)
where (a) follows from (ZZ4I)) and (Z42); (b) follows from Cauchy—Schwarz in-
equality; (c) follows from the assumption that (E [27,,,] < +E [27,4,]) < M,
and (d) follows by using the following inequality \/IE :cm + \/E :L'H_LJ <

L ki Cy
)

2\/E [IZQJ +E [$12+1,t} and defining by = (62 +@?) 972 2 by =

8(G+w)2 92 2 1k”CjM and b3 := 272Zj=1k"jch + v; + vir1. If we define
ap =K [ } +E [ Ty t] then according to (Z43) we get a majorizing sequence
that has the same form as (Z38) with the values of b; given above. Using Lemma
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241 we can show that «y is convergent if b; = (&2 + @2) 2_221‘:1 i€ < 1. Since
(5% +@?%) = |2 = |\i|?, we get

log (|\i]) kac (2.44)

According to (Z32), [236), (239), and (244), all modes are stable if

log (|\i]) kac (2.45)
Since [\;| = |\i|®, we can re-write (Z43) as,
10g (|)\1|K) ZkUCJ
j=1
m
= log (I\il) < Y £:5C;, (2.46)

1

where f;; := kKJ @I19) fi; >0, Z;Zl fij <1,and 337" fi; < 1. This
completes the proof. O

<.
Il

2.5 Conclusions

We studied the problem of mean-square stabilization of a noisy multi-dimensional
linear systems over vector Gaussian channels subject to an average transmit power
constraint. We observed that linear time invariant schemes are not sufficient in gen-
eral for stabilization of a multi-dimensional plant even over a scalar point-to-point
Gaussian channel. A linear time varying sensing and control scheme is proposed
and the conditions which guarantee optimality of the linear scheme are derived.
For a given system and a given channel, the optimality of the linear policies can be
verified by solving a linear program. We observe that the linear scheme is optimal
for a wide class of linear systems and Gaussian channels in the sense that there
does not exist any other scheme that can mean-square stabilize the system using
a lower transmission power. Interestingly, linear policies are optimal for quadratic
stabilization even if the source-channel matching principle does not hold.

Appendix
2.A Proof of Lemma 2.2.1]

This proof essentially follows from the same steps as in Theorem 4.1 of [Yik12],
however, with some differences due to the network structure. Similar considerations
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have appeared in different contexts in [MDOS|[SDOT1]. Consider the following series
of inequalities:

I (S[O,T-l] - R[O,T-l])

@

a

= I (Sjo,0: Rel Rpo,eny)
t=0

®) T-1

O3 (h (Rl Rio ) = b (RilSi0.0 Rio.n))
t=0
T-1

(©)

(h (Re|Rp0,1-1)) — h (R¢|S[0,17, Rpo,1-1- X¢))
(h (Re|Rj0.4-1)) — h (Re| Ryo,e-1), X))

= I (Xt; Rt|R[0,t-1])

T-1
= I (Xo; Ro) + Z I (X4 Re|Ryo 1)

t=1

H
L

(A (Xel Bro,e-11) =R (Xel Ryo 1)) + T (Xo; Ro)

I
SN

—~

~

-
—

(h (AXt_l + BU;_1 + Wt—llR[O,t-l]) —h (Xt|R[07t])) +1 (XQ; Ryg)

N o~
[
_

e

(h (AXt_l + Wt_1|R[07t_1]) — h (Xt|R[07t])) + I (AXVQ7 Ro)

v
hall
Ll

(]

V=

(h (AXy—1 + Wi_1|Rp 41, Wee1) — b (X4|Rpoy)) ) + 1 (Xo; Ro)

ﬂ o~
Il
— e

(h (AXi—1|Rp.+.1]) — h (X¢|Rpo,4))) + I (Xo; Ro)

A
II=
=

~
Il
A

—~

<.

—
?
—

(log (|det (A)]) + h (Xi—1|Rjo,e-1)) — h (Xe|Rjo,17)) + I (Xo; Ro)
1

= (T — 1) log (|det (A)]) 4+ h (Xo|Ro) — h (X1-1|Rpo,1-1)) + I (Xo; Ro)
= (Xo) + (T — 1) log (|det (A)]) — h (Xr-1|Rjo,7-17)

Y 0 (Xo) + (7 = 1) log (Jdet (A)) — h (Xr.1)

o~
Il
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(é) h(Xo) + (T —1)log (|det (A)]) — log ((2me)™ |det (K)|), (2.47)

where (a) follows from the definition of directed information; (b) follows from
the definition of mutual information; (c) follows from the Markov chain X[, —
{Sj0,4> Bjo,-11} — Re; (d) follows from the fact that conditioning reduces entropy;
(e) follows from the property of mutual information; (f) follows from (Z1)); (g) fol-
lows from U; 1 = m¢_1(R[o,¢-17); (h) follows from the fact that conditioning reduces
entropy; (i) follows from h(AXt_l +Wt_1|R[07t_1],Wt,1) = h(AX; 1|Rjo1)) +
h(Wi—1|W;_1) due to mutual independence of X; and We; (j) follows from h (AX) =
log (|det (A)]) + h(X) [CT06, Theorem 8.6.4]; (k) follows from the fact that con-
ditioning reduces entropy; and (m) follows the fact that for a mean square stable
system there exists a matrix K > 0 with det (E [X{ X;]) < det (K) for all ¢ and
further for a given covariance matrix the differential entropy is maximized by the
Gaussian distribution. Using (Z47)) we lower bound the directed information rate
as liminfr_, o 71 (S, 1-1) = Rjo,r-1]) = log (|det (A)]).

2.B Estimation With Noiseless Feedback

For simplification we drop the subscripts of z;: and consider that a variable x
has to be transmitted/estimated over m parallel Gaussian channels, where j-th
sub-channel has information capacity C; = %log (14+P;/N;) for j =1,2,...,m.
Assume that the encoder uses the first channel ki times, the second channel ks
times, and so on. Consider the following scheme based on the Schalkwijk Kailath

(SK) coding scheme [SK66]: At t = 1, the encoder transmits s; 1 = /il 2 over

E[z?]
the first channel, the decoder receives 1,1 = s1,1 + 21,1, and computes the MMSE
estimate &1 = ]%E[ﬁgl’l]] r1,1, where Z; denotes the estimate of x at time ¢. Further
1,1

the estimation error at any time ¢ is denoted as €¢; := x — #; and the encoder can
compute the error due to noiseless feedback link. By computation, the variance of
€1 18
Ny

E[e}] = =———E[z?

€] = 5 El?)
=27 ARz, (2.48)
where C; = 1log(1+ Pi/Ny). For 2 < t < ky, the encoder transmits s =
1/]E[I:ﬁet_l, the decoder estimates €1 = ]E[]E’["%{j‘]rl,t and updates its estimate

of x as &y = X1 — €.1. The associated estimation error is, €, = x — Ty = €41 — €1.1-
The variance of the estimation error is computed as E[e?] = 27“1E[e?_,], which
together with (Z48) implies

Elef,] = 27O E[2?]. (2.49)
Similarly, for the next ko time steps the encoder transmits over the second sub-
channel having information capacity C5, and then over the third channel and so
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on. At the end of transmission over the j-th sub-channel the variance of estimation
error is given by

E[eil+k2+...+k1] = 27kjch[€ij_1]- (2.50)

Accordingly the estimation error at the end of whole transmission period, i.e., at
t =37, kj, is given by

El(@ - 2)°] =27 E[&, ]

_ 9 2t MO 2] (2.51)

2.C Proof of Lemma [2.4.1]

Assume that T'(z) is a non-decreasing mapping with a unique fixed point 2*. Further
assume that there exist v < 2* < v such that T'(u) > u and T'(v) < v. Consider a
sequence generated by the following iterations: z;y1 = T'(z;) with ¢t € N, zy € R.
We want to show that starting from any xo € R, the sequence {x;} converges. There
are three possibilities: i) xg = «*, ii) o > z*, and iii) xg < 2*. For zg € [2*,00)
we have T(x) < z, therefore 1 = T(z9) < xo. Since T'(z) is non-decreasing,
x9 = T(x1) < T(x0) = x1. Thus, for any t € N we have x441 = T'(2:) < T(a4-1) =
x¢. Further, this sequence is lower bounded by z* because for any z: € [z*, 00),
x* = T(x*) < T(xt) = x4+1 due to non-decreasing T'(+). Thus, the sequence {x;}
converges since it is monotonically decreasing and lower bounded by a* [Rud76l
Theorem 3.14]. For z € (—o0,2*] we have T'(z) > x, therefore, 1 = T(x0) < xo.
Since T'(x) is non-decreasing, we have xy = T(z1) > T(x¢) = x1. Thus, for any
t € N we have x1y; = T(xt) > T(x¢+—1) = ;. Further, this sequence is upper
bounded by z* because for any z; € (—oo,z*], we have ;41 = T'(zy) < T(a*) = =*
due to non-decreasing T'(+). Since {x;} is strictly increasing and upper bounded by
a* for zp € [x*, 00), it converges [Rud76, Theorem 3.14].



Chapter 3

Relay Networks

observations of a linear dynamical system (plant) over a network of wireless

nodes to a remote controller in order to stabilize the system in closed-loop.
The wireless nodes have transmit and receive capability and we call them relays,
as they relay the plant’s state information to the remote controller. We assume a
transmit power constraint on the sensor and relays, and the wireless links between
all agents (sensor, relays, and controller) are modeled as Gaussian channels. The
objective is to study stabilizability of the plant over Gaussian relay networks.

The existing literature on control over Gaussian channels has mostly focused
on situations where there is no intermediate node between the sensor and the re-
mote controller. Problems related to control over Gaussian networks with relay
nodes have so far been open. Such problems are hard because a relay network can
have an arbitrary topology and every node within the network can have memory
and can employ any transmit strategy. The papers [Tat03] and [GDH™09| have de-
rived conditions for stabilization over networks with digital noiseless channels and
analog erasure channels respectively, however those results do not apply to noisy
networks. In [SMOG,[Y1k12] moment stability conditions in terms of error expo-
nents have been established. However, even a single letter expression for channel
capacity of the basic three-node Gaussian relay channel [CT06] is not known in
general. In [GV05] Gastpar and Vetterli determined capacity of a large Gaussian
relay network in the limit as the number of relays tends to infinity. The problem of
control over Gaussian relay channels was introduced in [ZOS10al[ZOYS10] and fur-
ther studied in [ZOYS11[KGL10]. The papers [Z0S10a[ZOYS10/ZOYS11,[KGL10]
derived sufficient conditions for mean square stability of a scalar plant by employing
linear schemes over Gaussian channels with single relay nodes. In this chapter we
consider more general setups with multiple relays and multi-dimensional plants. We
also derive necessary conditions along with sufficient conditions and further discuss
how good linear policies are for various network topologies.

r l \his chapter considers a setup in which a sensor node communicates the

41



42 Relay Networks

3.1 Problem Formulation

Consider the same discrete LTI plant model as in Chapter [ given by the following
state equation:

Xis1 = AX,+BU+W,, teN, (3.1)

where X; € R*",U; € R™, and W; € R" are state, control, and plant noise The
initial state Xy is a random variable with bounded differential entropy |h(Xp)| < oo
and a given covariance matrix Ag. The plant noise {W;} is a zero mean white
Gaussian noise sequence with variance Ky and it is assumed to be independent
of the initial state Xy. The matrices A and B are of appropriate dimensions and
the pair (A, B) is controllable. Let {A1, A2,..., A} denote the eigenvalues of the
system matrix A. Without loss of generality we assume that all the eigenvalues of
the system matrix are outside the unit disc, i.e., |A;| > 1. The unstable modes can
be decoupled from the stable modes by a similarity transformation. If the system
in (310 is one-dimensional then A is scalar and we use the notation A = A. We
consider a remote control setup, where a sensor node observes the state process
and transmits it to a remotely situated controller over a network of relay! nodes as
shown in Fig. [£1l The communication links between nodes are modeled as white
Gaussian channels, which is why we refer to it as a Gaussian network. In order
to communicate the observed state value Xy, an encoder £ is lumped with the
observer O and a decoder D is lumped with the controller C. In addition there
are L relay nodes {R;}~ , within the channel to support communication from &
to D. At any time instant ¢, S.; and R; are the input and the output of the
network and U is the control action. Let f; denote the observer/encoder policy
such that Se: = fi(X[o.¢), Ujo,t—1]), Where Xjo 4 := {Xo, X1,..., X} and we have
the following average transmit power constraint E[Sg7t] < Pg. Further let m; denote
the decoder/controller policy, then U; = 7y (R[O,t]). The objective in this paper is
to find conditions on the system matrix A so that the plant in [BI]) can be mean
square stabilized (cf. Definition 2ZT.T]) over a given Gaussian network.

3.2 Necessary Condition for Stabilization

In the literature [Eli04,MDO08/[SDO11L[Y1ik12], there exists a variety of information
rate inequalities characterizing fundamental limits on the performance of linear sys-
tems controlled over communication channels. We have presented one such result
in Lemma [2.2.] for point-to-point channels, which is also valid for the general net-
work depicted in Fig. Bl In the following we state another relationship which also
gives a necessary condition for mean square stabilization over the general network
depicted in Fig. 311

1A relay is a communication device whose sole purpose is to support communication from the
information source to the destination. In our setup the relay nodes cooperate to communicate the
state process from sensor to the remote controller. If the system design objective is to replace
wired connections, then relaying is a vital approach to communicate over longer distances.
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Figure 3.1: The unstable plant has to be controlled over a Gaussian relay network.
Theorem 3.2.1. If the linear system in B.1)) is mean square stable over the Gaus-
stan relay network, then
PR
log (|det (A) |) < lim inf TI(X[O,TA] — Ry, r-1)), (3.2)

where { X} denotes the uncontrolled state process obtained by substituting Uy = 0
in B, i.e., Xiy1 = AX:+ Wy, the notation |det (A) | represents the absolute value
of determinant of matriz A and

N

—1
I(X0,7—1] = Rjo,r—1)) = I (Xj0,; Re|Rpo.1-1))

t

Il
=

is the directed information from the uncontrolled state process {X[O,Tq]} to the
sequence of variables { Rjo. 7—11} received by the controller over the network of relay
nodes.

Proof. The proof is given in Appendix [3.A] which essentially follows from the same
steps as in the proof of Theorem 4.1 in [Yiik12], however, with some differences
due to the network structure. Similar constructions can also be found in [MDO0S]
SDO11]. O

A general communication network consists of an arbitrary number of nodes with
arbitrary communication links. In order to understand the problem of stabilization
over a general relay network, we study some basic topologies such as non-orthogonal
network, orthogonal network, cascade network, and parallel network (which will be
defined later). These topologies serve as the basic building blocks of a large network.
In the rest of this chapter, we derive necessary as well as sufficient conditions for
mean square stabilization over these fundamental network topologies. Necessary
conditions are obtained using Theorem B.2.11 Sufficient conditions are obtained
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using delay-free linear sensing and control schemes. We study these fundamental
topologies individually so that the proof techniques and the intuitions gained from
our study are rich enough to address general Gaussian networks.

3.3 Cascade (Serial) Network

Consider a cascade network comprised of L — 1 half-duplex relay nodes depicted
in Fig. The state encoder £ observes the state of the system and transmits
its signal to the relay node Rq. The relay node R; transmits a signal to the relay
node Ro and so on. Finally the state information is received at the remote de-
coder/controller D from Ry_1. At any time step ¢, Se. is the signal transmitted
from £ and S};,t is the signal transmitted from R;, which are given by

Set = [t (X[Oﬂf], U[O,t_l]) Vi:t=1+nL,n €N, Ser =0 otherwise,
Syi=gi (Y[E),t]) Vi:t=1+i+nL,neN, S;.=0 otherwise, (3.3)

where f; : R*! — R, gi : R® — R such that E[f? (X0, Ujo-1))] = LPs,
E [(g% (Y[O,t]))Q] = LP;, Zf_ll P! < Pg. The signal received by R; is

V!'=S:+ 2, Y= Sftl +Z} Vt:t=nL+imn€N, Y/ =0 otherwise.
(3.4)

Here Z} ~ N(0, N;) denotes mutually independent white Gaussian noise compo-
nents. Accordingly D receives R; = STL’ZI + ZF at t = nL and zero otherwise.

Figure 3.2: A cascade Gaussian network model.

We now present a necessary condition for mean square stability over the given
channel.

Theorem 3.3.1. If the system ([31]) is mean square stable over the cascade network
then

1 . JPs Pr

Proof. We first derive an outer bound on the directed information [ (X[l, Lr] =
Ry1, 1)) over the given channel and then use Theorem B.2.7] to find the necessary
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condition (B.3]).
v @ ;s ® ;
I(Xp,or) = Ruem) = I X0y Roery) < I(Xors Y o Roer)

= Z (X1, 17y Re, }/}i|R[1,t-1],}ﬁ,t.1])

© i
= Z( (Re, YRy -1, Yii o))
= B(Re, YRt 13, Vi o Xt o) )
() LT 4
= Z (h(YﬂR[l,tfl]vY[ﬁ,t—u) + h(Re| Ry 1y, i)
— AV 1 Rp1 115 Vs ey Xio,vm1) = (Re Biy ey, Vi s Xip,om))
(©) i i i i %
- Z (h(Yt |R[1at—1]’Y[1,t71]) - h(Y; |R[1,t-1]aY[1,t-1]aX[1,LT])

+I(Ry; X (27 R0, Y[zu]))

=0
f) L&
< S (hO) = O R ), Vo X o)
t=1
(9) L1, . , _
S Z (h(Y?) (Y’Ll rta 1 t-1]7Y7[117t_1]7X[1,LT])>
t=1
(h) o= it i
=) I(S0HhY))
t=1
i) T—1
= I(Sr t1L+i5 YtL+z)
t=
()
<

i-1
=3 log (1 + N ) (3.6)
where (a) follows from [Mas90, Theorem 1]; (b) follows from the fact that adding side
information cannot decrease mutual information; (c), (d) and (e) follow from prop-
erties of mutual information and differential entropy; (f) follows from conditioning
reduces entropy and the following Markov chain X'[LLT] — (Yﬁ’t],R[l,t_l]) — Ry;
(g9) follow from conditioning reduces entropy; (h) follows from the Markov chain
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— S — (Rp 1), Y, [1 1) Xp1,277) due to memoryless channel from S’} to Y/'; (i)
follows from (33) and [B4); and (j) follows from the fact that mutual information
of a Gaussian channel is maximized by the Gaussian input distribution [CT06, The-
orem 8.6.5]. By following the same steps as ([B.4]), we can also obtain

= T LP
I(Xp,om — Rppry) < 3 log (1 + Tf) . (3.7)

The directed information I(X (,07] — Rpi,p7)) can also be bounded as

I (Xpom = Rprry) = ZI (X105 Re| Ry o))

a

< ZI( 1t]7Rt|R1t1>
=1 (S [1,LT] - R[l,LT])

(b) LT

<ZI ’l“t?

(C)
Z rtL—i—La RtL+L)

(d) LPL1
1g(1+ r ) (3.8)

1\3|ﬂ ||

<
= N,

where (a) follows from the Markov chain X[LLT] - (Sﬁf%,t]vR[l,t—l]) — Ry, (0)
follows from [Mas90, Theorem 1]; (¢) follows from (B3) and (34); and (d) follows
from the fact that mutual information of a Gaussian channel is maximized by the
Gaussian input distribution [CT06, Theorem 8.6.5]. Finally using (3.6]), (37)), and
B33), we have the following bound:

I(Xp,om — Rper)
in { log (1 + LB LE, log (14 2227 }
og N og Ny ) oeoloe N

T

<_

2

)T Ps P! pL-1
Zlog(1+1L o
5 (+ mm{Nl Ny N,
T

2

—
s

PS ) {Pl PL—I}
< —log | 1+ L min max min< —/,..., —
- 8 < {Nl Pi:y ) Pi<Pp N N
T Ps P
w2 log [ 1 + L min —— (3.9)
2 Nl Zz 2 N
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(a) follows from the fact that log(1 + x) is a monotonically increasing function of

x; and (b) follows from the optimal power allocation choice P! = M Finally

Zq,L:2 N
dividing (39) by LT and let T — oo according to Theorem B2l we get the

necessary condition (3.5]). O

We now present a sufficient condition for mean-square stability over the given
network.

Theorem 3.3.2. The scalar linear time invariant system in (31) with A = X can
be mean square stabilized using a linear scheme over a cascade network of L relay
nodes if

L-1 ;

1 LPs Lp
log (|A]) < max —log | 1+ ( — ) , (3.10
8 (1A pis piepn 2L < LPs+ N, Z,IZI LP 1 Nipy (3.10)

T 1

4N ;
2 1
—Nip1+y/ N2, -2t

where the optimal power allocation is given by P! = 5 andy <0
is chosen such that ZiL=1 P! < Pr. When all N; are equal, the optimal choice is
pi= to.

Outline of proof: The result can be derived by using a memoryless linear trans-

mission and control scheme. Under linear policies, the overall mapping from the
encoder to the controller becomes a scalar Gaussian channel, which has been well
studied in the literature (see for example [BB89]). We refer the reader to the proof
of Theorem [B.5.2] which contains a detailed derivation for the non-orthogonal net-
work and the proof for this setting is similar. The optimal power allocation follows
from the concavity of Hf:_ll (#ﬁ(lﬂ) in {P; iL;ll and by using the Lagrange
multiplier method.
Remark 3.3.1. For fized power allocations, as the number of relays L approaches
infinity in (33), the RHS converges to zero and stabilization becomes impossible. We
also note that the ratio between the sufficiency and necessity bounds (ratio between
RHS of B32) and RHS of [BH)) converges to zero as the number of relays goes
to infinity.

In the related problem of transmitting a Gaussian source with minimum mean-
square distortion, it is shown in Chapter @ that linear sensing policies are not
globally optimal in general when there is one or more relay nodes in cascade. How-
ever linear policies are shown to be person-by-person optimal in a single relay setup.
According to Chapter [} simple quantizer based policies can lead to a lower mean-
square distortion than the best linear policy.
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Figure 3.3: Parallel relay network.

3.4 Parallel Network

Consider the network shown in Fig. B3] where the signal transmitted by a node does
not interfere with the signals transmitted by other nodes, i.e., there are L parallel
channels from {R;}~; to D. We call this setup a parallel network which models
a scenario where the signal spaces of the relay nodes are mutually orthogonal. For
example the signals may be transmitted in either disjoint frequency bands or in
disjoint time slots. In the first transmission phase, the sensor transmits S, with
an average power [ [Sit] = 2Pgs to the relays and in the second phase all relays
simultaneously transmit to the remote controller with average powers 2P? such that
Zle P! < Pg. Accordingly, the received signals are given by

ViSutZi R=S,-0, 1=135..
Ri=Si,+27, Yi=8,=0 t=246,... (3.11)
where Z, ~ N(0,N}), Z} , ~ N(0, Nj) denote mutually independent white Gaus-

sian noise variables. In the following we present conditions for mean square stability
of the system in ([B.1]) over the given parallel network.

Theorem 3.4.1. If the system (311) is mean square stable over the parallel network

then
) ;
log (|det (4)]) < 4mm {log <1+2 E ) g lo < )} , (3.12)

where P! = max{y — N0} and v is chosen such that ZiL:1 P! = Pg.

Proof. Following the same steps as in proof of Theorem [3.3.1] we can bound directed
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information I(X (1,27] — Bp,21)) over parallel relay network as,

I(Xpy 2 = {R{y 21y Hi)
(@)

2T 2T
< min {ZI (Se.t; {Y7Hh) ,ZI ({Sf«,t}iL:ﬁ{Ri iL:I)}
t=1 t=1
T T _ _
: min { ZI e,2t-1; {YQt 1}1 1 721 ({S:',Qt}iL:I; {Rét}iLzl) }
t=1

{log <1+22N1> max Zlog(

P Pi:P,>0 Z Pi<Pg

(e
<

wl’ﬂ

P)}, (3.13)

where (a) follows from the same steps as in (3:6) and [B3); (b) follows from BIII);
and (c) follows from the fact that Gaussian input distribution maximizes mutual

information for a Gaussian channel. The function Zz 1 log (1 + ) is jointly con-

N7
cave in {P!}L | . The optimal power allocation is given by P! = max{'y — N%/2,0},
where v is chosen such that Zle P! = Pg, which is the well-known water-filling

solution [TV05, pp. 204-205]. We obtain (3:12) by using (313) in Theorem B2l O

We can obtain a sufficient condition for mean square stability over the parallel
network using linear policies like previously discussed scenarios, which is stated in
the following theorem.

Theorem 3.4.2. The scalar linear time invariant system in (F1]) with A = X\ can
be mean square stabilized using a linear scheme over the Gaussian parallel network

if

L .
1 4Pg P!
1 A < =1 1 — - | . 3.14
og (1A < 7 °g< +; 2P5Nd+2P;N;+NdN;> (3:.14)
Proof. The above result can be obtained by using a memoryless linear sensing and
control scheme and as discussed in the proof of Theorem [3.3.2] O

Proposition 3.4.1. The gap between the necessary and sufficient conditions for a

symmetric parallel network with P! = P., N! = N, is a non-decreasing function of

the number of relays L and approaches i log (1 + w> as L goes to infinity.

Proof. For P! = P.,N! = N,, the R.H.S. of BI4) is evaluated as [y :=
ilog (1 + 2PSNd‘;1‘§11;rS15:+NdN7‘) and the R.H.S of (3I2)) can be bounded as I'yec :=

ilog (1 + %) The gap is given by

(3.15)

1 2PsN, (2Ps + N,
Fnechuf110g<1+ S d( S + ) )

N, (2Ps Ng+2P, N, +Nu4N,
4PgP,N, + Ne(PsNat2] alNr)
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which is a non-decreasing function of L, approaching %log (1 + W) as

L — oo. O

Remark 3.4.1. If N(fl = 0, then I'nec — 'y = 0 and the linear scheme is exactly
optimal. For N}: =0, gy = %log (1 + %) and I e := %log (1 + %) accord-

ing to BI2). Clearly limy o0 (T'nec — Lsuy) = 00, showing the inefficiency of the
LTI scheme for parallel channels.

It is known that linear schemes can be sub-optimal for transmission over paral-
lel channels [Vai89,[WS09b]. A distributed joint source—channel code is optimal in
minimizing mean-square distortion if the following two conditions hold [SVZ9S]: i)
All channels from the source to the destination send independent information; ii)
All channels utilize the capacity, i.e., the source and channel need to be matched.
If we use linear policies at the relay nodes then the first condition is not fulfilled
because all nodes would be transmitting correlated information. In [YT09] the au-
thors proposed a non-linear scheme for a parallel network of two sensors without
relays, in which one sensor transmits only the magnitude of the observed state and
the other sensor transmits only the phase of the observed state. The magnitude
and phase of the state are shown to be independent and thus the scheme fulfills the
first condition of optimality. This nonlinear sensing scheme is shown to outperform
the best linear scheme for the LQG control problem in the absence of measurement
noise, although the second condition of source-channel matching is not fulfilled. We
can use this non-linear scheme together with the initialization step of the Schalk-
wijk Kailath (SK) type scheme described in Appendix B.Cl for the non-orthogonal
network, which will ensure source-channel matching by making the outputs of the
two sensors Gaussian distributed after the initial transmissions. In Chapter Bl it is
shown that linear sensing policies may not be even person-by-person optimal for
LQG control over parallel network without relays.

For the special case of parallel network with noiseless £ — R; links, we have the
following necessary and sufficient condition for mean-square stability.

Theorem 3.4.3. The system (31]) in absence of process noise (Wy = 0) can be
mean square stabilized over the Gaussian parallel network with Z};’t =0 for all 7,

only if

L .

1 2P
log (|det (A)|) < = max log 1+ ?”>. 3.16
(et sy, ome 3 g( - (3.16)

If the inequality is strict, then there exists a non-linear policy leading to mean-square
stability.

Proof. The necessity follows from Theorem B4l The sufficiency part for scalar
systems follows from [KGLII, Theorem 6], which is derived using a non-linear
scheme. This scheme can be extended to vector systems using a time sharing scheme
presented in Sec. [Z4] O
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Remark 3.4.2. The term on RHS of B43) is equal to information capacity of
the parallel Gaussian channel. It was shown by Shu and Middleton in [SM11] that
for some first order noiseless plants, linear time invariant encoders/decoders cannot
achieve information capacity of parallel Gaussian channels. However information
capacity required for stabilization can always be achieved by a non-linear time vary-
ing scheme as discussed in Remark[Z2.7.3

3.5 Non-orthogonal Network

A communication network is said to be non-orthogonal if all the communicating
nodes transmit signals in overlapping time slots using the same frequency bands.
The networks considered in the previous sections are examples of orthogonal net-
works. In this section, we will focus on non-orthogonal networks. A node which
is capable of transmitting and receiving signals simultaneously using the same fre-
quency band is known as full-duplex while a half-duplexr node cannot simultaneously
receive and transmit signals. In practice it is expensive and hard to a build a com-
munication device which can transmit and receive signals at the same time using
the same frequency, due to the self-interference created by the transmitted signal
to the received signal. Therefore half-duplex systems are mostly used in practice.
In this section we study both half-duplex and full-duplex configurations.

3.5.1 Non-orthogonal Half-duplex Network

A non-orthogonal half-duplex Gaussian network with L relay nodes {R;}£ ; is il-
lustrated in Fig. B4 The variables S.; and S}, denote the transmitted signals
from the state encoder £ and relay R; at any discrete time step ¢. The variables
Z};’t and Zg; denote the mutually independent white Gaussian noise components
at the relay node i and D of the remote control unit, with Z}, ~ N(0, N}) and
Zay ~ N(0,Ng). The noise components {Z; ,}1, are independent across the re-
lays, i.c., E[Zf,Z:,] = 0 for all i # k. The information transmission from the state
encoder consists of two phases as shown in Fig. 3.4l In the first phase the encoder
& transmits a signal with an average power 23Ps, where 8 € (0,1] is a parameter
that adjusts power between the two transmission phases. In this transmission phase
all the relay nodes listen but remain silent. In the second transmission phase, the
encoder £ and relay nodes {R;}~ ; transmit simultaneously. In this second trans-
mission phase, the encoder transmits with an average power 2(1 — 5)Ps and the
i-th relay node transmits with an average power 2P such that 2521 P! < Pg. The
input and output of the i-th relay are given by,

Yf:Se,tJrZ}l,t, S;’yt:o, t=1,3,5,...
Yi=0, S,=g (yﬁ)’tfl]) : t=2,4,6,... (3.17)
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(b) Second transmission phase.

Figure 3.4: A non-orthogonal half-duplex Gaussian network model.

where ¢gi : R!IF! — R is the i-th relay encoding policy such that
) ) 2 ) )

E [(gz (Y[ZO t—l])) ] = 2P and Zle P! < Pgr. The signal received at the de-

coder/controller is given by

L
Rt = hSe,t + Z hiSi,t + Zd,tv
i=1
where h, h; € R denote the channel gains of £ — D and R; — D links respectively.
We now present a necessary condition mean-square stabilization over non-
orthogonal half-duplex relay network.

Theorem 3.5.1. If the linear system in (B is mean-square stable over the non-
orthogonal half-duplex relay network, then

1 2h%(1 — B) P,
) < —min{ max <log (1 + w)
4 0<B<1

log (|det (A) N
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L
1 h? 2h%BPs
+log <1+26PS <Z ﬁ'f’m)) ), Oglﬁai(l <10g (1+ N,
i=1 T i

Pi:y  Pi<Pg

1 L+1 L+1 L+1
+ log <1+— (Z(S?P +2) 0 ) ppdi 5,€\/PP,€>> ) } (3.18)

1=1 k=i+1

x . 2(1-pB)Ps .f N .f
where ik = eih et N GUpPaT Ny Ll T 200 = B)Ps, Nea := 0,

Sp41:=h, P :=2P! §;:=h;, N;:= N! for all i = {1,2,...,L}.

Proof. We first derive an outer bound on the directed information I (X[l, Lr] =
Ry1, 1)) over the given channel and then use Theorem B.27] to find the necessary

condition (B.IJ).

(X 1,211 — Bp2m)

(:) (X[LQT]; R[1,2T])

(b)
= I(X[l 2T {Y1 2T]}'z 1 B 21)

(c) i
=1 (X[l 2775 [1,2T]a {Y[1,2T]}iL=1)

2T
= Z I(X2y; Be, AV Mo R ey AY L )
t=1
(d) &L L o
< Z I(Se,e; Re, {Y{ Yt | Rpn o), {Y[zl,t—l]}izl)
t=1
(e) 2T
S ZI(Se,t;Rta{YZ}Z 1)
t=1
0 v 5L - :
= T (Seari Rat) + > T (Sesar1; Rorr, {Va 1 o)
t=1 t=1
@ T 9h%(1— B)Ps\ T L h2
< —1 14— —1 142 — 4+ —
_20g(+ N, )+20g +25Ps ZN£+Nd

201 2
L [ S oo (545

where (a) follows from [Mas90, Theorem 1]; (b) follows from the fact that adding
side information cannot decrease mutual information; (c) follows by defining R, :=

R — Zle hiS.; and from the fact that S}, is a function of Y| [1 t17; (d) follows from
the Markov chain X o7 — Se: — (Ry, {Y;}E ), since X{o,7] is the uncontrolled state

)
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process and the fact that the channel between S |1 7] and (R[LQT], {Y[imﬂ}f:l)
is memoryless due to Ry = Ry — Z L hiSi4; (e) follows from the Markov chain
(R [1,-1]5 {Y1 1) i L) = 8ei— (R, {Y }1:1) and conditioning reduces entropy; (f)
follows by separatmg odd and even indexed terms and Y4, = 0 according to (B.17);
(g) follows from Y3, ; = Seor1 + Z}'.Qt_l, Ry =Se:+ 7, E [SiQt] = 2(1 — B)Ps,
E [5'627%_1] = 20 Pg, and the fact that mutual information of a Gaussian channel is
maximized by centered Gaussian input distribution [TV05]. The directed informa-
tion rate I(X(1,277 — Rj1,277) can also be bounded as,

I(Xp 21 — Rpom)
o
— ZI(X[Lt];Rt|R[1,t—1])

t=1

(a) 2L .
< ZI(Se,ta {S:',t}iLzli Rt|R[1,t—1])

= Z (I (Se,2t-15 Rot-1) + I (Se 2t {Sf«,2t}iL=1§ Rat))

<L+1 L+1 L+1

@ T 2h2BPs\ T )
gglog(l—i— s )+§1g 1+— > 6PA2Y > pribie/PiPy

=1 k=i+1
T 2h2BP,
§5 max {log <1+ b S)

0<B<1 Ny
P}y Pi<Pg
1 (Ll L+1 L+1
+ log <1+— (Z(SQP +2) 0 ) pp il 5,“/Ppk>) } (3.20)
1=1 k=i+1
where pf, = 201-8)Ps Pryn = 2(1 = B)Ps, Npy1 = 0,

V/(2(1=B)Ps+N:)(2(1-B) Ps+Ni)’
0p+1 = h, P, = 2P", §; = h;;, N; = N! for all i = {1,2,...,L}. The inequality
(a) follows from the Markov chain X(g 4 — (Se,t, {S%,}12;) — R due to the memory-
less channel between Se 1,277, {517[172T]}f:1 and Ry o7); (b) follows from the Markov
chain Ry ¢.1) — (Se,t, {S%,}121) — R: and conditioning reduces entropy; (c) follows
by separating the odd and even indexed terms and S};’QH = 0 according to [BIT);
(d) follows from the fact that the first addend on the R.H.S. of (¢) is maximized
by a centered Gaussian distributed S, and the second addend is bounded using a
bound presented in [Gas07], where the author studied the problem of transmitting
a Gaussian source over a simple sensor network. In order to apply the upper bound
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given in (48) of [Gas(07] to our setup, we consider state encoder £ to be a sensor
node with zero observation noise and make the following change of system vari-
ables so that our system model becomes equivalent to the one discussed in [Gas07]:

0% :=oy, 0 :=h;, M :=L+1, P,:=2P! 0% := Ny, 0"2/[/’2- =N o; = w/%
for all 4. We finally obtain (3I8) by dividing (319) and 20) by 2T and let T — oo
according to Theorem B.2.1] O

We now present a sufficient condition for mean square stability of a scalar plant
over the given network, which can be extended to a multi-dimensional plant using
the linear time variant scheme given in Sec. 241

Theorem 3.5.2. The scalar linear time invariant system in (J1]) with A = X\ can
be mean square stabilized using a linear scheme over the non-orthogonal half-duplex
network if

~ L
1 2h26P w(8.AP3L)
log (|A)<=  max log (1—|— b S) + log 1—}—%
4 0<B<1 d N(B {Pi}_L )

Piy Pi<Pr Purti=1

(3.21)

2
Y il ) _ 28Pg N, L 2h2 P}
where M (ﬂ, {P"'}i:l) = < 2h2(1 — B)Ps + \/7(2h2ﬁﬁpz+§vd) (Zi:l \/ 2/3PS+N;1>)

~ . 2 pipgt
and N (S, {Pﬁ}le) = Zle 22/?13:3_]1\([1 + Ny are real-valued functions.

Proof. The proof is given in Appendix 3.5l O

Remark 3.5.1. An optimal choice of the power allocation parameter 3 at the state
encoder and an optimal power allocation at the relay nodes { P:}L | which mazimize
the term on the right hand side of (3Z11) depend on the quality of the E—D, £ — R,
and R; — D links. This is a non-convex optimization problem, however it can be
transformed into an equivalent convex problem by using the approach in [ XCLGOS,
Appendiz A]. This equivalent convex problem can be efficiently solved for optimal
{PI}L | using the interior point method. For 8 =1, we can analytically obtain the
following optimal power allocation using the Lagrangian method:

. —1
r — 4R ; X E .
(2PsNy + NiNg + Pph?Ni)® ) | < (2PsNy + NINg + Prh2N!)?
(3.22)

Remark 3.5.2. For channels with feedback, directed information is a useful quan-
tity [Mas90,[TSM0J]. It is shown in Appendiz [3.D) that the term on the RHS of
(ZZ1) is the information rate over the half-duplex network with noiseless feedback,
obtained when running the described closed-loop protocol. Further we show that the
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directed information rate is also equal to the term on the RHS of (321)). By follow-
ing the same steps as in Appendiz [3.D], one can also obtain relationships between
sufficient conditions and information rates under linear policies for the cascade and
the parallel relay networks considered in Sec. and Sec. respectively.

Remark 3.5.3. It is interesting to see that the conditions in BI]) and F2ZI) do
not depend on the process noise.

3.5.2 Noiseless Plant

In the absence of the process noise in ([BI]), the state variance of the noiseless system
under our proposed scheme can be obtained by substituting n,, = 0 in (839) and
(33])). That is the state variance of the noiseless plant is given by

= AN t=2,4,6
Qp = 2h2ﬁPS+N a1, T 4y Ty Uy e
MEN
ar = ( (ﬁ) = ) at—2, t= 3, 57 7, (323)
(k2 + VE1k)2 4+ N(B3)
Since a1 = hA;—PJ\gao + n,, the state variance a4 — 0 as t — oo if

(—(k2+\/kl_k)2+1\7(6) < 1. This is the same condition as in ([44]). Thus by using the

proposed linear scheme, we obtain identical sufficient conditions for mean square
stability of noisy and noiseless first order LTI systems over the non-orthogonal half-
duplex sensor network. Although the sufficient conditions are identical, the state
variance of the noisy plant does not converge to zero unlike the noiseless plant.

Remark 3.5.4. In the presence of process noise the inequality B21)) s strict,
however it follows from the analysis done above that the equality can be achieved in
the absence of process noise.

A comparison of second moments of the plant state process at three different
power levels of process noise is illustrated in Fig. We fix network and plant
parameters, and plot the second moment of the state process E[X?] moment as a
function of time ¢ for three power levels of process noise, i.e., n,, = 0, 0.1, and
0.25. For the given set of channel parameters, mean square stability of the system
requires |A| < 1.975 according to Theorem We have fixed A = 1.5, therefore
the second moment stays bounded for all levels of process noise. For n,, = 0 the
second moment converges to zero, starting from an arbitrary value equal to 0.25.
For non-zero values of noise process, the second moment keeps alternating between
two different values. This happens due to the first and the second transmission
phases in the half-duplex network.

As shown in Fig. 3.5 for n,, = 0.1 and n,, = 0.25 the second moment converges
to a unique non-zero value for each transmission phase and thus it keeps alternat-
ing between these two unique limit points. We can also observe that the rate of
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Figure 3.5: Comparison of second moments of the plant state process at three
different levels of process noise for fixed network parameters {Ps = 1,L =1, P, =
1,h="hy =1,8=10.5,Ns = 0.5,N! = 0.1} and plant parameters {ag = 0.25, \ =
1.5},

convergence is similar for the three examples, and seems to be unaffected by the
power level of process noise.

In the following we study a special case of the general non-orthogonal half-
duplex network, where there is no direct communication link between the state
encoder and the remote controller.

3.5.3 Two-Hop Network

Consider the half-duplex relay network illustrated in Fig. B4 with h = 0. The state
information is communicated to the remote controller only via the relay nodes. We
call this setup a two-hop relay network, where the communication from the state
encoder to the controller takes place in two hops. In the first hop the relay nodes
receive the state information from the state encoder, which then communicate the
state information to the controller in the second hop. The controller takes action in
alternate time steps upon receiving the state information. We can obtain a sufficient
condition for stability over this network by substituting h = 0,5 = 1 in Theorem
Similarly a necessary condition can be obtained from ([BI8]), where § =1 is
the maximizer of the first term and S = 0 is the maximizer of the second term. In
the following we evaluate the gap between the sufficient and necessary conditions
for a symmetric two hop network.

Proposition 3.5.1. For a symmetric two-hop network with P! = P. N =
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Figure 3.6: Comparison of necessary and sufficient conditions for a symmetric two-
hop relay network.

Ny hy = c,h = 0,8 =1, the gap between necessary and sufficient conditions ap-
proaches zero as the number of relays L goes to infinity. The gap also monotonically
approaches zero as P, goes to infinity.

Proof. For P! = P,, N = N,,h; = ¢,h = 0,3 = 1 for all i, the R.H.S. of (3:ZI) is
evaluated as I'gys := ilog (1 + 4L%¢*Ps Py ) and the R.H.S of BI]) can

2Lc2P, N, + N4 (2Ps+N,)
be bounded as I'hec := ilog (1 + QJJLV&) The gap between I'gyr and I'yec is given
by

1 4PZN4+2Ps Ny Nqg
Thee — Dsus = = log [ 1 L : (3.24)
ec u 4 ( 4C2PSP7«NT + 2c2IZTNT2 + NdNT(2LI;S+NT)

which approaches zero as L goes to infinity. The gap also monotonically approaches
zero as P, tends to infinity. O

In Fig. we have plotted I'ec and ['gyr as functions of L and P,.. These figures
show that linear schemes are quite efficient in some regimes.

Remark 3.5.5. Linear policies can be even exactly optimal in the following special
cases: i) If we fix all relaying policies to be linear, then the channel becomes equiva-
lent to a point-point scalar Gaussian channel, for which linear sensing is known to
be optimal for LQG control [BB8Y). i) If we fix the state encoder to be linear and
assume noiseless causal feedback links from the controller to the relay nodes, then
linear policies are optimal for mean-square stabilization over a symmetric two-hop
relay network, by the following arguments. Since the control actions are available
at the relay nodes via noiseless feedback links, there is mo dual effect of control,
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Figure 3.7: A Non-orthogonal Full-duplex Gaussian Network.

i.e., the separation of estimation and control holds. Further by restricting the state
encoder to be linear, the relay network becomes equivalent to the Gaussian network
studied in [Gas08,[Gas07], where it is shown that linear policies are optimal if the
network is symmetric.

3.5.4 Non-orthogonal Full-duplex Network

We now consider a non-orthogonal network of L full-duplex relay nodes, where all
the nodes receive and transmit their signals in every time step, i.e., at any time
instant t € N,

et_ft( [0,t]» ()tfl])a S:;,t ( [%)t 1]) Vt € N,
Vi =Sei+Zly  Ri=hSei+Y Si,+Zas, VEEN, (3.25)

=1
where E [(Se+)?] = Ps, E[(S!,)?] = P, and 1, P! < Pr.

Theorem 3.5.3. If the linear system in (B1) is mean-square stable over the non-
orthogonal full-duplex relay network, then

1 L1oow?
< — i — —
log (|det (A) ]) < 5 mm{log (1 + Pg ( N7 + Nd))

max <1og <1+— <LZ+162P +2LZ+1 LZH pi R0 6k\/P—Pk>>> }

Pf:ZiPﬁSPR i=1 k=i+1
(3.26)
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- Ps — — — . pi
where pi,k - \/(PS+N7,)(PS+N1€), PL+1 = PS; NL+1 = 0; 5L+1 = h; P’L = P’r;

(Si = hi, Ni = N;f fO?” all 1 = {1,2,...,[/}.

Proof. The proof follows exactly in the steps of the proof of Theorem B.5.1], with
an exception that odd and even indexed terms are not treated separately because
E[S2,] = Ps and E [(S},)?] = P} for all ¢. O

Theorem 3.5.4. The scalar linear time invariant system in (1) with A = X\ and
Wi = 0 can be mean square stabilized using a linear scheme over the non-orthogonal
full-duplex Gaussian network if

log (JA]) <

2 . 4
h? Ps P} h2Pi!N?
max log <\/h2Ps—|—n E 5 ) <Nd—|—§ M)
i=1

. L 7
Pt PPy Ps+ N

N =

where n* is the unique root in the interval [0,1] of the following fourth order poly-
nomial

h2PgPi h2Pp; 5
2h P,
<Z PS+N'L ) ( h SZ PS+ 7\71 )77

h2PiNi L p2pini
h?Ps + N, =N S .
< - d+ZP+N:‘>n ( d+i_1PS+N7z'>
(3.28)

Proof. The proof is given in Appendix B.Cl O

Remark 3.5.6. The term on the right hand side of the inequality in (F2Z7) is
an achievable rate with which information can be transmitted reliably over the non-
orthogonal full-duplex relay network. This result is derived for a network with single
relay node in [BW09, Theorem 5], however it can be easily extended to problems
with multiple relays.

3.6 Conclusions

We have studied the problem of mean-square stabilization of LTI plants over Gaus-
sian relay networks. Some necessary and sufficient conditions for stabilization are
presented which reveal relationships between stabilizability and communication pa-
rameters. These results can serve as a useful guideline for a system designer. Nec-
essary conditions have been derived using information theoretic tools, and are not
tight in general. Sufficient conditions for stabilization of scalar plants are obtained
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by employing linear communication and control schemes. We have discussed opti-
mality of linear policies over the given network topologies. In some special cases,
linear schemes are shown to be either asymptotically optimal or exactly optimal.
It is observed in some network settings that sufficient conditions do not depend on
the plant noise and they can be characterized by the directed information rate from
the sequence of channel inputs to the sequence of channel outputs.

Appendix
3.A Proof of Necessary Condition
Consider the following series of inequalities:

I (Xpo
T

)

T-1] — R[O,T-l])
1

a

—

™

I (X(0,9; Re|Rpo.1-1))

—~
~

N o~
= O

> I (X4; Re|Rpo 1)
t=0

!

-1

= I (Xo;Ro)+

(]

I (Xt; Rt|R[0,t-1])
t

Sl
| =

1
=1 (Xo; Ro) + (h (X¢|Rjo,e-11) —h (Xe|Rpo,q))

-1

W (Xo; Ro) + (h (AXi—1 + BUi—1 + Wi_1|Rjg 1)) — h (Xe|Rjo,17))

i

}ﬂ
L

@ (Xo; Ro) + (h (AXi—1 + Wi_1|Rjo 1)) — h (Xt|Rpoy))

3w
Lo
I

(© L
> 1 (Xo; Ro) +

(]

(h (AXi—1 + Wi_1|Rjg 1), Wi—1) — h (X¢|Rpo4))

t

Sl
o
-

£ (Xo; Ro) +

(]

(h (AXt—1|R[O,t-1]) —h (thR[Oyt]))

~+

N
—_

2 [ (Xo; Ro) + Z (log (|det (A)]) + b (X¢—1|Rjo,e-17) — h (X¢|Rjo,1))

= I (Xo; Ro) + (T_* 1)log (|det (A)|) 4+ h (Xo|Ro) — h (X7.1|Rpo,7-1))
h(Xo) + (T — 1) log (|det (A)]) — h (X1-1|Rjo,7-1))

—~
~
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S (Xo) + (T — 1) log (Jdet (4)]) — h (Xr-1)

Q

> h(Xo)+ (T —1)log(|det (A)|) — log ((2me)™ |det (K)|) , (3.29)

where (a) follows from the definition of directed information; (b) follows from
the fact that discarding variables cannot increase mutual information; (¢) follows
from @I)); (d) follows from U;_1 = m;—1(Rjg-1)); (e) follows from the fact that
conditioning reduces entropy; (f) follows from h (AXt_l + Wit Rjo 11 Wt—l) =
h(AX: 1| R 4-1), Wi—1) = h(AX;_1|Rjo+.17) due to mutual independence of X; and
Wy; (g) follows from h (AX) = log(|det (A)]) + h(X) [CT06, Theorem 8.6.4]; (h)
follows from conditioning reduces entropy; and (¢) follows the fact that for a mean
square stable system there exists a matrix K > 0 with det (E [X] X,]) < det (K)
for all ¢ and further for a given covariance matrix the differential entropy is maxi-
mized by the Gaussian distribution. We can also write

I (X717 = Rjo,1)) = Z I (X045 Re|Rpo,1-17)
—0

t=
=1 (Xp,r1) = Ror1) (3.30)

where (a) follows by defining uncontrolled state process Xt-i—l = AX, + W, and
writing the controlled state process X[ as a sum of uncontrolled process X [0,¢]
and a linear function of control actions U ;.1), since the system is linear and control
actions are additive; and (b) follows from Uy = m¢(Rjo4). From (29) and (3.30)
we have lim infT_wo%I (X[O,T-u — R[O,T-l]) >log (|det (A)]), since we have assumed
h(XO) < 00.

3.B Proof of Theorem [3.5.2

In order to prove Theorem we propose a linear communication and control
scheme. This scheme is based on the coding scheme given in [BWQ9] which is an
adaptation of the well-known Schalkwijk—Kailath scheme [SK66]. By employing the
proposed linear scheme, we find a condition on the system parameters A which is
sufficient to mean square stabilize the system (BII). The control and communication
scheme for the half-duplex network works as follows: If the initial state Xy is not
Gaussian distributed, then we first make the state process Gaussian distributed by
performing the following initialization step which was introduced in [ZOYS10].
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Initial time step, t =0

At time step t = 0, the state encoder £ observes X and it transmits S. o = i—iXo.
The decoder D receives Ry = hSec o + Zg. It estimates Xy as X0 = % j‘é—gRo =

Xo + % IO;—;Z(LO. The controller C then takes an action Uy = —AXo which results

m
X1 =2XXo+ Uy + W,
:)\(XO—XO)“FWO

A (%))
=——\/=Z Wh. 3.31
n\ Ps d,0 + Wo ( )

The new plant state X7 ~ ./\/(07 a1) where ap = %Siao + Ny

First transmission phase, t =1,3,5, ...

The state encoder £ observes X; and transmits S ; = Q?X#Xt. The relay nodes

{Ri}le receive this signal over the Gaussian links and do not transmit any signal
in this transmission phase due to half-duplex restriction. The decoder D observes
R¢ = hSe + Z4+ and computes the MMSE estimate of X;, which is given by

Xt = ]E[Xt|R[1,t]]

(a)
2 E[X/|R:]

(:b)E[Xth]R
E[RZ]

© (_hvZBPsar \
2h2BPs + Ng) "

where (a) follows from the orthogonality principle of MMSE estimation (that is
E[X;R,—;] = 0 for j > 1) [Hay96]; (b) follows from the fact that the optimum
MMSE estimator for a Gaussian variable is linear [Hay96]; and (c) follows from
E[Xth] = 4/ QhQBPSOét and E[Rg] = 2h2BPS + Nd.

The controller C takes an action U; = —AX; which results in Xiy1 = MXe —
Xt) + W;. The new plant state X;41 is a linear combination of zero mean Gaussian
variables { X, Xt, W.}, therefore it is also zero mean Gaussian with the following
variance

a1 = E[X2 ] = NE[(X; — X,)?] + E[W]

N,
=X (Wﬁ) % + w, (8:32)



64 Relay Networks

where the last equality follows from E[X,X;] = E[X2] = 22}1};;@% (by computa-

tion).

Second transmission phase, t = 2,4,6, ...

The encoder £ observes X; and transmits Se; = \/%Xt. In this phase the
relay nodes choose to transmit their own signal to the decoder D and thus they
cannot listen to the signal transmitted from the state encoder due to the half-
duplex assumption. Each relay node amplifies the signal that it had received in
the previous time step (first transmission phase) under an average transmit power
constraint and transmits it to the decoder D. The signal transmitted from the i-th

2l (Seto1 + Z1,_1). The decoder D

relay node is thus given by S};’t m

accordingly receives

L
Ry =hSei+ Y hiSi,+ Zay

i=1
=L Xy + Lo Xt 1 + Zy, (3.33)
— 2(1-B)h2P, — L 4Bh? Ps P} 5
where L; = TS, Ly = >0, APt N a1’ and Z; = Zg+ +
2 pi
Zz 1 2;]};st1 ZZt 1 is a white Gaussian noise sequence with zero mean and

variance N(3,{P'},) = N4+ Zz 1 QQB}LPP+]X,Z. The decoder then computes the
MMSE estimate of X; given all previous channel outputs {R1, Ra,..., R:} in the
following three steps:

1. Compute the MMSE prediction of R; from {R1, Rz, ..., Rt_1}, which is given
by R; = Lo X;_1, where X; 1 is the MMSE estimate of X;_ 1.

2. Compute the innovation

I =R, — R
=L1 X+ Lo( X1 — th) + Z

a) (A1 + L L ~

@ (ATl v 2y L g (3.34)
A A

where (a) follows from X; = A (Xt—l — Xt_l) + Wi_q.

3. Compute the MMSE estimate of X; given {R1, Ro, ..., Ri—1, I+ }. The state X;
is independent of {R1, Ra, ..., Rt—1} given I, therefore we can compute the
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estimate X} based only on I; without any loss of optimality, that is,
X, = E[X4|L}]
(@) E[X; 1]
E[7]
(:b) A ()\Ll + LQ) Qi ~ I,
(ALy + L2)? ay + L3n,, + A2N(B,P,)

t

(3.35)

where (a) follows from an MMSE estimation of a Gaussian variable; and
(b) follows from E[X,I;] = (*5H2) oy and E[I7] = (ALytla)® o, 4 Lane
N(B, P).
The controller C takes action U; = —AX; which results in Xip1 = M X — X}) + W;.
The new plant state X;4; is a linear combination of zero mean Gaussian random

variables { X, Xt, W}, therefore it is also zero mean Gaussian distributed with the
following variance,

[ )\2E[(Xt —Xt)2] +E[Wt2]

o Linw+ AN (B, P,
@ 24 A AN (B, Pr) e (3.36)
(AL1+Ls)? ay+L2n,+ 2N (3, P,)

2
L [4h2BPsP; .
(S 5E ) N (6.

b
© \2q, —— — | +nw
<,\,/2h2(1BPsHZf1 igfjf,vi aft1>
N\ 2
oS ) e
. (nwk1) 7= + AN (8, P,)
(:) )\2 ()\2]{041571 + nw) v 72 + Ny
(/\kfr1 /—;(/\2k+nw at T ))
+(nwk1) A21\/v(ﬂ P )
n k‘l
v +N(B, Py)
=\ (Nkar—1 + nw) ) mi — | +nw, (3.37)
kot [hik tugl o) 4
(M2t ) a7 +N (6P
where (a) follows from E[XtXt] = E[Xf] = ALyt La)*ay ; (b) follows

(AL1+L2)2c;+L3n, +A2N(B,Pr)’
by substituting the values of L1 and Lo; and (c) by substituting ;*— using (3.32)
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2
. 4h2BPs P}
and by defining k := gy, k1 = (Zle QBPBTSN> kg = \/2h%(1 — BPs).
We want to find the values of the parameter A for which the second moment of

the state remains bounded. Rewriting (8:32) and (837), the variance of the state
at any time t is given by

() 2=+ N(B, P)

Qr = )\2 ()\2]€Oét_2 + nw) _— 2 +1y
(k2+ oy ko "5 a;z)
+(M ) S5+ N (8. Py
Lf(ar-2)
=2 (Nkay—2 + nw) fa—2) + N, t=23,57,.. (3.38)
N
P S B —— A t=2,4,6,.. 3.39
Qg (QhQﬂPS+N)at 1+nw7 ) Ey Yy ( )

where a1 = };\f—PNSaO + ny. If the odd indexed sub-sequence {agi41} in [B3Y) is
bounded, then the even indexed sub-sequence {ao;} in (B339) is also bounded. Thus
it is sufficient to consider the odd indexed sub-sequence {agi+1}. We will now
construct a sequence {a}} which upper bounds the sub-sequence {ags+1}. Then we
will derive conditions on the system parameter A for which the sequence {a}} stays
bounded and consequently the boundedness of {aa:41} will be guaranteed. In order
to construct the upper sequence {a}}, we work on the term f(a:—2) in (B38) and
make use of the following lemma.

a+% .
Dyt defined over the in
terval [0,00), where 0 < a,b,c,d < co. The function f(x) can be upper bounded as
f(x) < foo + 2 for some 0 < m < 00, where foo := limg 00 f(x)

Lemma 3.B.1. Consider a function f(x) =

— a
(c+Vd)2+a’

Proof. We want to show that for some m > 0, f(z) < foo + 2 for all 2 € [0, 00),
where fo = lim, o0 f(x) = m. To this end, we show that —f(z)+ foo + 2
is non-negative for some m > 0.

@)+ f M ar +b n a L m
o (cvVT+Vdz+b2+ax+b (c+Vd)?2+a =

1
<<c+\/3)2+a) ((c\/f+\/W)2 +ax+b) x

x [(ax2+b:c) ((c+\/8)2+a)




3.B. Proof of Theorem 67

tazx ((c\/E—l—\/W)Q—i—ax—i—b)

m ((c+\/&)2+ a) ((c\/ﬂmymﬁb) (3.40)

The denominator term in ([340) is always positive for « € [0, 00), therefore we focus
on the numerator term. The numerator term after simplification is equal to

m(ct 4+ Pd+23d+ Pd + d* + 2cd? + 2ad + ac® + 2acVd + a®)x

— (be® + bd + 2beVd)x + 2ac(zy/ da? + br — Vda?) +\12_/, (3.41)
>0 20

where ¥ is the summation of the remaining terms independent of x, which are
all non-negative and therefore their sum is also non-negative. If we choose m >

(b 4+bd+2bcV/d) . ..
in (B41]), the non-negativity of (3.40)
(c4+52d+2c3d+52d+d2+25d%+2ad+ac2+2acx/3+a2) & y
in the interval [0, 00) will be guaranteed. o

Starting from ([338) and by using the above lemma, we write the following series
of inequalities

ap=\? ()\2k04t72+nw) flon—2)+nu

(a)
< A (Nhay—2+ny) <foo+ o >+nw
Q2
4 Nngm 4
=Nkfooar o+ FA Ny foo FATME 4 Ny
t—2

® 2 2 4

< ANk foot—2+ XM+ ANy foo+ A mE + ny =: glaz—_2), (3.42)
where (a) follows from Lemma BIIl and fo = limgse fla) =
((k2+\/g7§c€éif)§f(ﬂ,Pr)); and (b) follows from the fact that ay > n,, for all ¢ ac-

cording to (339) and ([B38)). Since g(«) in (B:42) is a linearly increasing function, it
can be used to construct the sequence {a}}, which upper bounds the odd indexed
sub-sequence {ag¢41} given in ([38). We construct the sequence {a}} for all ¢ > 1
as

arp1 < Ahyy = g(0h) D Mk faodd + A2m + A2y foo + Mk + 14,
t_

YAk f) ah + (2m 4 N foo + Xmk+n,) S (M), (343)
=0

where (a) follows from ([B:42) and (b) follows by recursively apply (a).

We observe from ([43) that if (AMkfs) = ((kﬁ%)(ﬁ%()ﬁ P,)) < 1, then the

sequence {«}} converges as t — oo and consequently the original sequence {a;} is
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guaranteed to stay bounded. Thus the system in (31]) can be mean square stabilized
if

Ny ((k2 + VEik)? + N(B,{P; 5_1)) (3.44)

kN(ﬁv {P'rl}zL:l)

= log (\) <£ (1og (1 + 2hj\ZPs) + log (1 + %)) . (3.45)

where the last equality follows from k = %%@% and M (B, {P}E ) == (k2 +
Vk1k)?. Since the relay nodes amplify the desired signal as well as the noise, which
is then superimposed at the decoder to the signal coming directly from the state en-
coder, the optimal choice of the transmit powers {P!}Z, : Zle P! < Pg depends
on the parameters {Ps, {N:}L | Ny, h, h;, B}. Moreover, the optimal choice of the
power allocation factor 5 at the state encoder also depends on these parameters.
Therefore, we rewrite (3.45) as

~ N L
1 9h% 3P, N (5.AP L)
log (M) <= max log <1+ b S> + log 1+~—11
4 - 0<B<l Ny N (ﬂ {PI}L )
P;:Z% P!<Pg W =1
(3.46)
which completes the proof. O

3.C Proof of Theorem [3.5.4

The scheme for the full-duplex network is in principle similar to the scheme for the
half-duplex network with some modifications to adapt to the full-duplex nature of
the relay nodes. A full-duplex node can simultaneously transmit and receive signals,
therefore in this scheme the relay nodes transmit in every time slot in contrast to
the half-duplex network scenario where the relay nodes transmit in alternate time
slots. The initial transmission and control at ¢ = 0 in the full-duplex scenario is
identical to that of the scheme proposed for the half-duplex scenario in Appendix
Therefore according to Appendix 3.} the plant state X7 ~ N(0, 1), where

2
o] = 2‘2—]1\3];1040. Further transmissions and control actions are as follows.

Time step t =1

The encoder £ observes X; and it then transmits Se 1 = v/ Ps/a1X; to the decoder
D at the remote control unit. The relay nodes {R;}~ ; overhear the signal trans-
mitted by the controller but remain silent. The decoder D observes Ry = hS. 1+ Z;
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and computes the MMSE estimate of X, which is given by

X, = E[X1|Ri]

(@) E[X1R4]
E[R7]

() < hv/Psa >R

Ry

h2Pg + Ny

where (a) follows from the fact that the optimum MMSE estimator for a Gaussian
random variable is linear [Hay96]; and (b) follows from E[X;R1] = vh?Psaq and
E[R?] = h?Ps + N.

The controller C takes action U; = —AX; which results in Xy = AMX — Xl) +Wi.
The new plant state X5 is a linear combination of zero mean Gaussian random
variables {Xl,f(l, Wi}, therefore it is also zero mean Gaussian distributed with
the following variance

oy = E[XZ] = ME[(X, — X1)?]

Ng
=\ 3.47
(e ) (3.47)
where the last equality follows from E[X,X;] = E[X?] = % (by computa-
tion).
Time steps t > 2
The encoder £ observes X; and it then transmits S, ; = Z—th. The relay nodes

simultaneously receive this signal and transmit an amplified version of the signal
which they had received in the previous time step. The signal transmitted by the
i-th relay node is given by

P
Sz T

it = RST]\U (Se,tfl + Z};,tfl) R for all i € {1, 2,..., L}, (348)

where E[(S} ;)?] = P} are chosen to ensure ZZ—LZI P! < Pg. Accordingly D receives

L
Ry =hSei+ > hiSi+ Zi

=1
=L X+ LoXy1 + Zy, (3.49)
2 h2Pg P} 5 L _h2Pj
where Ly = /8282, Ly = 30\ epstiwe o and Z = Zet il o mivke 2

with Z; ~ N(0, N). The computation of the state MMSE estimate X; and the action
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taken by controller U; = —AX; are identical to that of the half-duplexr network
scheme as proposed in Appendix Therefore according to ([330]) the variance
41 of the new plant state X1 is given by

> NN (P
Q1 = A Ot 3 =
(AL1 + Ly)® ay+ X2N(P,)

@ .o NN (P,)
= )\ t 5
L 2 Pg P <
(WP L, T 2 ) 3R
N(P,
Y \zq, (Pr) . vt>2, (3.50)

2 -
(ks + /2 222) + NP
where (a) follows by substituting the values of L1 and Lo; and (b) follows by defining

2
k1= <Zf=1 ﬁ%) and ko = vh2Pg. Our aim is to find a condition on the

system parameter A\ which is sufficient to ensure that the state variance in (Z.50)

stays bounded. By defining 7; := , /)\—12%, we can rewrite (3.50) as

N(P,)
(k2 + nv/Er)” + N(P)

In the following we show that the sequence {n;} converges to a unique fixed point.
The convergence follows from the following lemma.

Lemma 3.C.1. ( [BW09, Lemma 2]) Consider the function f : x — pEeERF L

defined on the closed interval [0, 1] when 0 < a,b,p < co. The function f(-) has
exactly one fized point =* € [0,1] and the infinite sequence xg,x1 = f(xg),z2 =
f(z1),... converges to this fived point for any starting point zo € [0, 1].

According to Lemma B.C.] starting with 7y = §2 = ,/% € [0,1], the

sequence {n;} in (BEI) converges to a fixed point n*. This fixed point is given by
the unique solution in the interval [0,1] of the following fourth order polynomial in
(328), which has been obtained by simplifying (351 and substituting the values
of k1, ks, N(P,) [BW09]. Having shown that the sequence {n;} converges to the
unique fixed point, we now find the values of the system parameter A for which
the state variance {a;} converges to a limit point and consequently stays bounded.
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Rewriting (350) as

2N (P,) )a
(k2 + VB + NP )

-
(o)

u(H)A*
(At[% log ( t))+2]) v, (352)
where u(t) == []'_, ((k2+m\]/vlc(71;r2)+N(Pr)) and v := A\"2ag. We observe that a; — 0
as t — oo if .
tlgglo h logy (p(t)) + 2} <0, (3.53)

where the existence of the limit follows from convergence of the sequence {7, }. Since
log, (1 (t)) = liigz(;))), we can rewrite (3.53) as

log (M) < hm log (N (t))
@ : (k2 +m\/k_)
o (I 557 ))
— lim %Zlog <1 + M)

t— 00 = N(P,,)
®1 (k2 +n*v/k1)
= 5 log (1 + W)

L S\ Th
© 1 h2PsPi h2PiN;
= —log |1+ | Vh2Pg + N, + ittt ,
9 08 ( s ”Z Ps 1 N? ‘T Pyt N
(3.54)

where (a) follows by substituting the value of u(t) from ([B52); (b) follows by con-
vergence of the sequence {7;} to n* and using Cesaro mean theorem [Har49]; and

(¢) follows by substituting the values of k1, k2, and N(P,). This completes the proof
of Theorem [3.5.41 O

3.D Proof of Remark on Information Rate

The given scheme can be seen as a point-point communication channel, where Ro; 1
is the channel output corresponding to the input Se 2.1 and I, is the channel output
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corresponding to the input S¢ 2; for t =1,2,3,.... The information rate is given by

) 1 T T T T
Th—I>noo ﬁl ({56,215—1}’,5:1 ) {Se,Qt}t=1 ) {RQt—l}tzl ) {I2t}t:1>

1 [h ({Roeaty {2} )

im
T—oo 2T
—h ({Rar Yoy T}y | {Seaia by s (8o}, ) }

@ i - {XT: (h (Rat.1) + b (In¢) — h (Ra1|Se.t1) — b (Int| Se.ot) )}

T—oo0 2T
t=1
b 1
2 lim [T(h (o) + h (Ta0) = b (Ra1[Se201) = b (Tarl Se0) )}
1
3 (£ (Se2t-1; Rat1) + 1 (Se,2t5 12t)) (3.55)

where (a) follows from the fact that P(Ia, Rot1|Se2t, Se2t-1) =
P(I¢]Se,2t)P(Rat-1|Se2t-1), the channel is memoryless, the random variables
are Gaussian and E[Rg;1Rok.1] = E[lylox] = 0 for k # I, and E[Ro1lak] = 0
for all Ik = 1,2,3,...; and (b) follows from the fact that Ro;1 and I are
both sequences of i.i.d. variables. For the first transmission phase the mutual
information between the transmitted variable and the received variable is given by

I (Se2t-1; Rot-1) = h(Rop-1) — h(R2t-1]Se,2-1)
= h(Rat-1) — h(Zas-1)

2h?BP,
log (1—|— b S),

¥ (3.56)

where (a) follows from Ros;; ~ N(0,2h?BPs + N) and Zai.q ~ N(0,N). In the
second phase the decoder computes the innovation I according to (B34). The

mutual information between the transmitted variable and the innovation variable
is then given by

I(Se,2t512t) = h(IQ ) - h(I2t|Se,2t)
= h(la) — h(Za)
@ 1 M (B, P;)
=3 log (1 + 55D, ) (3.57)

where (a) follows from Io; ~ N (0, M(3, P,) + N(B, P,)) and Zy; ~ N (0, N(B3, P,)).
From [B350), BX1), and F55) the corresponding information rate is equal to

i (bg (1 N thgps) +log (1 N %)) , (3.58)
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Likewise, the directed information rate for the relay channel under discussion is
given by

) 1 T T T T
Th_{%o ﬁl ({S€7Qt-1}t=1 ) {Se,Qt}’t=1 — {RQt-l}t:1 ) {I2t}’t:1)
(a) 1 [«
a .
= lim ; (I (Sept15 Rote1) + 1 (Se Igt))]

. 1
= Thm oT [T (I (Se2t-1; Ror1) + I (Se,ot; Ior))]

1
=5 (I (Se,2t-1; Rat-1) + I (Se2t; I2t)) (3.59)

where (a) follows from the [Mas90, Theorem 2] and independence of the channel
output sequence {Rai 1, Iz }i—1; and (b) follows from the fact that Rg;1 and Iy
are both sequences of i.i.d. variables. Comparing (59) and [B355), the directed
information rate is equal to the information rate which is due to independence of
the channel output sequence.
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Chapter 4

Cascade Network

source over a point-to-point scalar Gaussian channel when the distortion mea-

sure is the mean squared error and when the source and channel bandwidths
match [Jr.65Ber71]. From [AGS87[DT62L[Fin65,[BB87] we know that linear policies
are also optimal if the encoder observes a noisy version of a Gaussian source. More-
over in [Gas08] Gastpar has shown that a linear (uncoded) scheme is even optimal
in a simple Gaussian sensor network setting where each sensor node observes a noisy
version of a Gaussian source and all the sensor nodes simultaneously transmit over
a multiple-access Gaussian channel. For the problem of mean-square stabilization
of a linear system over Gaussian networks, we concluded in Chapter [ that linear
policies can even be optimal when the source-channel matching principle does not
hold.

In this chapter we show that linear policies are not optimal in general for the
transmission of a Gaussian source over a Gaussian channel comprised of one or more
relay nodes connected in cascade, when the distortion measure is the mean squared
error. A special case of this problem was studied by Lipsa and Martins in [LM11]
where they provided counterexamples based on binary quantizers to show that
linear policies are not optimal when the number of number of relays are greater than
or equal to three. Further we discuss that linear encoding policies are person-by-
person optimal® for a two-hop relay channel. However they do not guarantee global
optimality because the given team problem is concave in the encoding policies, as
observed in [YLI11]. We also derive a lower bound on distortion which is not tight
in general.

This is a team decision problem under non-classical information structure
[Ho80]. Some such problems are very difficult depending on the cost function and
the information structure. The problem under study in this chapter is a variation
of the Witsenhausen’s problem [Wit68] with the addition of a relay encoder, which

It is well-known that linear encoding is optimal for transmission of a Gaussian

1In a team decision problem, policies of decision makers are person-by-person optimal if there
is no incentive for any decision maker to uni-laterally deviate from its policy given others’ policies
[Ho80].

7
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Figure 4.1: System model.

is unsolved till today.

The problem of causal transmission over a two-hop relay channel is motivated
by control applications, where the sensor measurements of a dynamical system are
transmitted via a relay node to a remote controller. Control of linear systems over
various types of relay channels is studied in Chapter[3, where we used linear schemes
to derive conditions on mean-square stability.

4.1 System Model

Consider a physical phenomenon characterized by a sequence of independent and
identically distributed real valued Gaussian random variables { X, } ez, having zero
mean and variance o2, where n denotes a discrete time index. We wish to instantly
communicate this physical phenomenon to a remote destination over a two-hop
relay channel with as high fidelity as possible. The system model is illustrated in
Fig. 1l According to the figure, at a discrete time n € Zy the source encoder &
observes X, and produces Se, = fi,({X;}? ;) suitable for transmission, where
fin : R" = R is a causal measurable mapping. The mapping f; , has to satisfy the
following average power constraint,

E[S2,] < Ps. (4.1)

The signal Se ,, is then observed in noise by the relay node R as Y, = S + Zy n,
where {Z, n}nez . is a zero mean white Gaussian noise sequence of variance IV,.
Since there is no direct link from the source encoder to the destination, we neglect
transmission and processing delays at the relay, i.e., the relay node applies a causal
mapping on the received signal fs, : R™ +— R to produce S,, = fo,({Yi}l,)
under the power constraint,

E[S7,] < P, (4.2)

The signal S, is then transmitted over a Gaussian channel. Accordingly the des-
tination node D receives R,, = Sy, + Za,n, Where {Zg n}nez, is a zero mean white
Gaussian noise sequence of variance Ny. Upon receiving R,, the decoder wishes to
reconstruct the transmitted variable X,, by applying a mapping g, : R” — R to
produce X,, = gn({R;}?,). We define the signal-to-noise ratios of &R and R-D
links as v, := Ps/N, and 74 := P, /N4 respectively. The encoder, the relay, and the
decoder are all causal and delay-free (zero delay). The objective is to choose the
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encoder, relay, and decoder mappings such that following distortion

D= lim —

N—o0

H
M=
=
~
=

is minimized subject to the constraints in (1) and [@2).

4.2 Distortion Lower Bound

In this section we derive a lower bound on the distortion. Consider the following
series of (in)equalities:

L w1 (& N
]:]1_
= h(Xa X, ))

N
L (h(Xu,nn -3 h(anXu,nle[m-ll)>
=+ (WX )~ WX X )
= %I(Xu,n];xu,n])
(%) %I (Se, 1,5 Bpa,ny)
(Q%mm{f(s (nls Yin)s L (Sr,ngs Rpng) b
% {ZI Seni Vo) XN: 1(Sy; Ry }

(9) 1 P P,
< 5 min {1og <1 + Vi) , log <1 + Fd) }, (4.4)

where (a) follows from the definition of mutual information; (b) follows from in-
dependence of the sequence X2; (c) follows from conditioning reduces entropy;
(d) and (e) follow from the data processing inequality [CT06, Theorem 2.8.1] with
Markov chain XV — SN — RN — XN - (f) follows from the fact that the channels are
memoryless and conditioning reduces entropy; and (g) follows from the fact that
mutual information is maximized by Gaussian distribution [CT06, Theorem 8.6.5].
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Further consider the following inequalities:

1 Y @ 1 & 02
“SNI(X,0 X)) > — Y1 T
w2 i) = 3 ,;()g(E[(Xn Xnm)
® 1 o 1 1 I
> B} log (Ua:) ) log (N ;E {(Xn - Xu) } ) (4.5)

where (a) follows from the rate distortion theorem for an i.i.d. Gaussian source
[CT06]; and (b) follows from the concavity of the logarithm function and Jensen’s
inequality. From ([@4) and (4.3]), we obtain the following lower bound:

1Y N
D= lim NZ:IE[(X,I—X")}

N—00
N, N, }
Ps—l—N,«’ P.+Ny

x

> o2 max{

0.2

= 4.6
14+min{vy,,v4} (4.6)

Remark 4.2.1. The lower bound has been obtained without using causality con-
straints. Due to the presence of the two channel noise components (Z, and Zg), we
have

max I(Se; R) < min{max I(S.;Y), max I(S,; R)}.
Ps, Pg, Ps,.

As a result of this strict inequality, the bound ([LH) is not tight if we restrict the
encoding policies to be memoryless®>. This bound will be tight for memoryless poli-
cies when the variance of any of the two channel noise components is zero. This
observation can also be made from [BB89|]. In [YTOY, Theorem 3.5] the authors dis-
cussed that I(Se; R) is strictly lower than the capacity of a two-hop relay channel
which follows from block coding arguments and cut-set bound. This tells us that the
distortion bounds obtained using cut-set arguments are not tight in general for relay
networks with memoryless policies. Typically optimal causal mappings are memo-
ryless for the transmission of an i.i.d. source [IWV83], however it needs to be shown
for the given two-hop relay channel.

4.3 Linear Policies

In this section we find the optimal linear policies and show that linear policies are
person-by-person optimal. Moreover, it is shown that person-by-person optimality
of linear policies does not guarantee global optimality.

2A policy that only uses the current input at any time n.
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4.3.1 Optimal Linear Encoding

Typically when a source is memoryless and the encoders are causal, the optimal
encoders are memoryless [WV83|. This can be easily verified by showing that if we
transmit a linear combination of the current and the previous source observations,
then the previous observations will only contribute to noise as the source is mem-
oryless. We therefore restrict our study to memoryless linear policies, in the sense
that the encoders merely transmit a scaled version of the received signal. That is,
the source and the relay encoders transmit the following signals:

Qp bn
Sen = Xna Srn = Yna
’ o2 ’ an + N,

x

where a,,b, € Ry are time varying gain coefficients which are chosen such that
the transmit power constraints in [@Il) and (£2) are satisfied, i.e., a, < Ps and
b, < P,. The decoder accordingly receives

anby
Rni Zrn Z ")
UQ(an—i—N \/ an—i—N + Za,

and computes the MMSE estimate according to X,, = E[X,|R"] = E[X,|R.],
where we have used the fact that the {R,,, R* ¥} are mutually independent for all
k # n. Since X,, is Gaussian, the distortion is given by

. ) anbn
E[(Xn — X,)?] = o2 <1 " {an + N,)(on + Nd)> ’

(-t )

The optimal choice of the gain coefficients 0 < a,, < Ps, 0 < b, < P,., which
minimizes 7)) is {a} = Ps, b}, = P.}. This choice of the gain coefficients leads to

*x 0_2 o 1
bi=o (1 TF s v'd>>' (48)

We have so far found a strict lower bound on the distortion in (£8) and an
upper bound in (A8) using the best linear scheme. However we still do not know
how good linear policies are? In the following we show that the linear policies are
person-by-personal optimal, however they do not guarantee global optimality.

4.3.2 Person-by-person Optimality of Linear Policies

Let us fix the source encoder to be linear. Given a linear and memoryless policy
at the source encoder, we now find an optimal relaying policy which minimizes the
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distortion E[(X,, — E[X,|R,,])?] at time n. We can rewrite the distortion at time
n as

E [(Xn -E [anR[l,nﬂ)Q}

E [(Xn —E [XalYjim])’] +E [(E [Xal¥im] — E [Xal By )]

Yg [(Xn - cnYn)Q] +E {(cnYn —E [Xo|Rj1m] )2} , (4.9)

where (a) follows from X,, — Y1 ) — Ry ) and E[(X,, — E[X Y1) (E[X0 Y1 ,0] —
E[X,|Rp,y])] = 0 (by the orthogonality principle); and (b) follows from the
fact that the source encoder is linear and memoryless and the MMSE estima-
tion of a Gaussian variable is linear, i.e., E[X,|Y[1,,)] = ¢.Y, where ¢, is a
scalar. According to (£9), the optimal relaying policy is the one which minimizes
El(cnYn — E[Xn|Rp1,n)])?] since the first term in the distortion function is inde-
pendent of the relaying policy. This problem was studied in [BB87], from which
it follows that an optimal relay encoding policy is linear and memoryless if we fix
the source encoder to be linear memoryless. This observation can also be made
from [GJO7,[Y1iik10l/Gas08,[AG87, [DT62, [Fin65]. Now if we fix the relay encoder
policy to be linear and memoryless, one can observe that the problem becomes
equivalent to the transmission of a Gaussian source over a point to point Gaussian
channel subject to an average power constraint, for which it is well-known that
linear (memoryless) encoding is optimal in the sense of minimizing mean-squared
distortion [Jr.65,[Ber71]. Hence, linear encoding policies are person-by-person opti-
mal.

4.3.3 Concavity of the Team Problem

In a decentralized team optimization problem person-by-person optimal solutions
are globally optimal if the cost function is convex in the policies of the decision
makers and the cost function satisfies differentiability conditions in the policies
[Rad62]. Let P be an observation channel from the input variable X at the source
encoder to the channel output variable R such that P(-|x) is a probability measure
on the Borel o-algebra B(R) on R for every z € R, and P(A|-) : R — [0 : 1] is
a Borel measurable function for every A € B(R). That is, P(-|z) is a stochastic
kernel. Similarly we define P; as an observation channel from the variable X to the
variable Y, and P, as an observation channel from the variable Y to the variable R.
From [YL11] it follows that the distortion in (£.3]) is concave in the joint observation
channel P(Alz) = [; P2(Aly)Pi(dy|z) for every A € B(R). If the encoding policies
are viewed as stochastic kernels, then the individual observation channels P, and P»
are given by convolutions of Gaussian distributions with the encoding policies, i.e.,
Py = Pg | x *N(0,N,) and P, = Pg |y *N(0, Ng). Since the distortion is concave in
the joint channel and the individual channels are affine in the source and the relay
encoding policies, the distortion is concave in the encoding policies (Ps,|x, Ps,|y)
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and the optimal policies have to be deterministic if they exist. This implies that
the person-by-person optimal encoding policies do not guarantee global optimality
when policies are viewed as stochastic kernels [YLI1I].

4.4 Counterexample: Non-linear Policies

In this section we provide a simple counter example to show that linear policies are
not optimal for causal transmission of a Gaussian source over the given two-hop
relay channel. Consider the following time invariant policies at the source encoder
and the relay encoder respectively:

a, for x>my
fi(z) = 0, for |z|]<my , (4.10)

—a, for z<-—my

b, for y>ms
faly) = 0, for |yl <mao , (4.11)
—b, for y<—mgo

with a,b € Ry . In (@I0) and (£II) we have dropped the index n for the sake of sim-
plicity without any loss as we are considering time invariant policies. According to
these policies, the signals observed at the relay and the destination are respectively
given by
a+ Z., for X >my
Y = Z., for |X|<my ; (4.12)
—a+Z,., for X <-—-my

b+ Zy, for Y >msy
R = Zq, for |Y]<mg . (4.13)
—b+Zy, for Y <—mg

The policies in (#I0) and ([@II) have to satisfy the transmit power constraints
in @I) and @2). In Appendix [LA] we have obtained conditions on a,b € R
to ensure these power constraints, which are given by [@IT) and ([20) respec-
tively. For these non-linear policies, the MMSE decoder g(R) and the correspond-
ing distortion Dy are given in ([@27) and (£2Y¥). We can numerically com-
pute Dy, using (£2]), (I7), and (E20) for any fixed values of the parameters
{02, Ps, P,, Ng, N, m1,ma}. We now give two examples to demonstrate that the
proposed simple non-linear scheme can outperform the best linear scheme. In the
following examples we fix the values of the system parameters and then numerically
compute the distortion for non-linear and linear policies according to ([@28) and
@A) respectively. We also evaluate the lower bound in ([@6]), however the reader
should keep in mind that the bound is not tight in general.
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Figure 4.2: Comparison of linear and non-linear schemes.

Example 1: Fixing 02 = Ps = P. = 1, N, = Ny = 4, m; = 2.45, my = 6.84,
a = 8.36, and b = 9.25 we get: Dy = 0.926, D} = 0.96, and D = 0.8.

Example 2: Fixing 02 = Ps = P, = 1, N, = N; = 10, m; = 2.85, my = 12.05,
a =15.12, and b = 16.25 we get: Dy = 0.964, D} = 0.992, and D = 0.909.
These examples validate that linear policies are not optimal in general for the given
two-hop relay channel when the source and the relay node have individual power

constraints. Let us now consider a total power, E[SZ,] + E[SZ,] = P. It can be
easily shown that the distortion is minimized for the linear policies by an equal
power allocation E[SZ,] = E[S?,] = £ if N, = Ng. In the above two counterex-

amples equal power constraints and noise variances are imposed on the source and
relay nodes. Therefore, linear policies are still suboptimal even if a total transmit
power constraint is imposed on the source and the relay, instead of separate power
constraints. Note that for more than one relay nodes linked in cascade (multi-hop
channel), the end-to-end distortion can be written as sum of distortions suffered
at each hop since the source input is memoryless and by applying the orthogonal-
ity property, as we did for the two-hop case in (£3)). Therefore linear policies are
sub-optimal for multi-hop relaying in general.

The proposed non-linear scheme is not always better than the optimal linear
scheme as demonstrated in Fig. L2l where we have plotted distortion achieved with
the non-linear and the optimal linear schemes as functions of signal-to-noise ratios
for some fixed parameters. The non-linear scheme outperforms the linear scheme
in low SNR regions, however there might exist better non-linear strategies which
may outperform the linear strategy also in high SNR regions. When the channels
are very noisy, one intuition on why the proposed non-linear strategy is superior
may be that it does not amplify the large values of channel noise at its input
unlike the linear (amplify-and-forward) strategy. We note that, in [LMI11] a two-
level quantizer was used when the number of relays were greater than two. In our
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setting the result also holds for a single relay, which generalizes and implies the
results of [LM11]. The reason for selecting symmetric quantizers is due to the fact
that symmetry in distribution is preserved when symmetric functions are applied
to sources with symmetric distributions. Moreover with centering the quantizer at
zero, the encoders can utilize the available transmit power in an efficient way by
transmitting signals with power equal to zero more often.

4.5 Conclusion

We studied the problem of mean-square estimation of a Gaussian source over a
two-hop Gaussian relay channel with average transmit power constraints. A lower
bound on the distortion was derived. We observed that the distortion bounds ob-
tained using cut-set arguments are not tight in general for sensor networks if we
restrict policies to be memoryless. Further it was shown that linear policies are
person-by-person optimal over the given two-hop relay channel. However person-
by-person optimality of the linear policies does not guarantee global optimality due
to concavity property of the distortion function in the observation channel. A sim-
ple three-level quantizer function was shown to outperform the best linear scheme
in some cases, thus validating that linear policies are not optimal in general. This
observation is in accordance with the previously known results for non-classical
information structures [Ho80].

Appendix

4.A Transmit Power Constraints
The parameter a € Ry in (£I0) is chosen such that

Ps > E [f{(X)]

@ 42 (/:1 p(z)dx + /: p(ﬁﬂ)div)

(4.17)

2

where (a) follows from @IO); (b) follows from p(r) = —= e_ﬁ?v, Qx) =

2
2mwo?

\/% e e dr = \/% Iz e dr. We now compute p(y) to find the condition
on b € Ry in (@II) which ensures E [S?] < P,. From [@I2) we have
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1 _w=a?
e if x>m
2
pylz) = LI i o[ <my - (4.18)
L i

The condition on b is obtained as follows:

P.>E[f(Y)]

@ < / :Qp(wdy +f N p(y)dy)

no
(b) —ms2
= 20 / p(y)dy

o

2b2[Q <m1>{m *<§;f>2dy+\/271r_Nr :Qe(fifN?Qdy}
-20(3)) o )
2arle (%) (o (352) v (3)) 2 () (- (3)

(:e) 262ﬁ(m1,m2,a o2 N,)

» Yo

P,
=bH< 4.20
- \/2%(7711,7712,@,0’%,]\[7-)’ ( )

where (a) follows from ([@IT)); (b) follows from symmetry of p(y) around origin

Y ;
(c) follows by substituting p(y) from EI9); (d) follows by the definition of Q(-)
function; and (e) follows by defining x(my,ma,a, o2, N,.).

? T’
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4.B Distortion Calculation

Since we have the following Markov chain X —Y — R, p(x,r) is given by

pla, ) = / p(rly)p(yl2)p(x)dy, (4.21)

where p(r|y) follows from ([@I3), that is

_(r=b?
Je T, i y>ma
742
p(rly) = e 7, i [y <me - (4.22)
7(7'+b)2
ﬁe 2Na o if oy < —mg

From ([@I8) we see that p(y|x) is defined over the three disjoint intervals of z (i.e.,
x < mq,|z| < mi,x > mq). Due to this, the joint pdf p(z,r) is also defined over
these three intervals. For the interval x < —mj,

—(rib)? —-m = m
(a) T e 2Na 2 —wta)? e?Nd 2 —wtaw)?
p(:L', T) pat p( ) e 2N, dy + — e 2N, dy

V27 Ng | V27N, J_o V21N ),

—(r—b)?
e 2Na X _(y+a)?

+ -
V2T Ny S,

= p(x)l1(r), (4.23)

where (a) follows from (£2I) and (£I8) and [@22); and (b) follows by defining
I1(r). Similarly for |z| < my,

—r? —(r+b)? —(r—b? =r2
o= o [ a3

=: p(a)l2(r), (4.24)

and for z > myq,

plz,r) = \/% le%f)?Q (m\j%a) e {1 —-Q (m\j%a) —Q (m;%a)}
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=: p(a)l3(r). (4.25)

From [@23), [@24), and (@25, we compute
p(r) z/p(x,r)dx
R

— () [ _: pe)de + 1 (r) [ Z p(@)de + 1s(r) /m OO p(a)dz
= (li(r) +13(r)) Q (%) + Io(r) (1 -20Q (%)) . (4.26)

The MMSE estimator can now be computed using ([@23)), [@24)), [@.25]), and ([£.20)
as follows.

=:g(r), (4.27)

where (a) follows from finnln xp(z)dx = 0. The associated mean-squared error is

Dip = / (& — g(r)? pla, r)d(z, )

= [T (w) [ gt ee ) [ - o)) ol

—m1

+ 15(r) / - (z — g(r)* p(m)d:v) dr. (4.28)



Chapter 5

Parallel Network

is observed in noise by several sensors that convey their measurements over

orthogonal wireless channels to a remote controller. We model communica-
tion links as white Gaussian channels and restrict our study to scalar LTI systems
driven by Gaussian noise. The objective is to design sensing and control schemes
that minimize a quadratic function of the state variables.

For a single sensor setup, a linear sensing and control strategy has been shown
to be optimal for control of a scalar-valued system (plant) over a scalar Gaussian
channel by Bansal and Basar in [BB89]. This single sensor setup has been briefly
discussed in Sec. Furthermore in [YT09], Yiiksel and Tatikonda showed via a
counter-example that linear schemes are not globally optimal when there are multi-
ple sensors transmitting their signals to a remote controller over parallel Gaussian
channels. In this chapter we show that linear schemes are not even person-by-person
optimal for a parallel network of two sensors, unlike the two-hop cascade network
where linear schemes were shown to be person-by-person optimal in Chapter @4l
We propose a non-linear sensing and control scheme for closed-loop control over
parallel Gaussian channels using multiple sensors. The proposed scheme is instan-
taneous (i.e., delay-free) and it can be implemented with reasonable complexity.
Furthermore, we show that the suggested approach is robust to the uncertainty in
the knowledge of the powers of the measurement and the channel noises, which is
generally a crucial aspect in designing practical systems.

This chapter studies a scenario where the state of a linear dynamical system

5.1 Problem Formulation

In the earlier chapters (Chapter [2] and Chapter ) we considered LTI systems in
absence of measurement noise. In this chapter, we consider a more genral setup
where sensors observe noisy measurements of a system’s state. Consider the follow-
ing scalar discrete time LTI system (plant):

Xe1 =A\X; + U+ W,, teN (5.1)
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Figure 5.1: Control over a parallel sensor network.

where X; is the state process of the system, Uy is the control process, and W; is the
process noise. The initial state X is an unknown random variable drawn according
to a zero-mean Gaussian distribution with variance o2. The process noise W; is
assumed to be i.i.d. zero-mean Gaussian distributed with variance n,,. For the sake
of simplicity, we consider a two sensor setup shown in Fig. Bl The state X; is
observed in noise by the sensors £ and & as

Y? = Xt + Zé,tv 1= ]-a 27 (52)

where Z/ , and Zit are two i.i.d. measurement noise components, which are Gaus-
sian distributed with zero means and variances N! and N2 respectively. Based on
their noisy observations, the two sensors transmit the following signals,

Si = fir (Y, i=1,2, (5.3)
subject to the following power constraints:
E[(SH} <P, i=1,2. (5.4)

Accordingly the remote controller receives

where Zg,t, i = 1,2, are mutually independent zero-mean Gaussian noise variables
with powers N} and N, 3 respectively. We have assumed orthogonal channels from
the sensors to the controller, therefore there is no interference between the two
received signals (i.e., we have two parallel Gaussian channels from the sensors to
the controller). Based on the received signals, the controller takes an action U; =

m (R[lo,t]v R[Qo’t]>. The objective is to minimize the following finite horizon quadratic

cost function:

T
Jr=E [Z X2, (5.6)
t=1
where the expectation is taken over the initial state Xy, the process noise W;, the

measurement noise Z¢ ,, and the channel noise Z7 ,.
; ,
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5.2 Sensing and Control Schemes

In this section we propose a non-linear distributed sensing and control scheme. For
the sake of reference, we first give a linear sensing scheme.

5.2.1 Linear Sensing Scheme

The reference scheme is the well-known amplify-and-forward strategy, in which the
sensor nodes amplify the received signals subject to average power constraints and
then transmit them to the remote controller. The transmitted signals from the two
sensors are given by

Sto=mY, (5.7)
SP o =maYP, (5.8)

where the parameters 1y, 72, are chosen such that the power constraints (5.4)
are fulfilled. The optimal control scheme is given by U; = —aX;, where the state
estimate X is generated using a Kalman filter [Ber(5].

5.2.2 Non-linear Sensing Scheme

The non-linear distributed sensing scheme works as follows. At any time ¢, the
signals transmitted by the two sensors are given by,

St1 = 771775Ytlv (5'9)

Y2
St =124 <Yt2 SEAY {A—tD ; (5.10)
t

where |-] denotes rounding to the nearest integer. A pictorial illustration of this
non-linear scheme is given in Fig. The parameter A; controls the length of
each period in the periodic sawtooth function shown in Fig. The values Ay
are chosen such that the cost function Jp in (B.6)) is minimized. The procedure of
choosing Ajg 4 is given in Sec. E.24l The parameters {11,712, Ajo,¢} are chosen
such that the average transmit power constraints (0.4]) are met.

This non-linear scheme was first introduced in [WS09b| for the transmission
of a Gaussian source over parallel Gaussian channels. Here we have extended this
scheme for closed-loop control of a dynamical system driven Gaussian noise over
parallel Gaussian channels.

5.2.3 Control Scheme for the Non-linear Sensing Scheme

The controller is assumed to have a separation structure where it first computes
an estimate of the state X; and then takes action using the state estimate, i.e.,
U; = —AX;. Since the computation of optimal MMSE state estimate based on all
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Figure 5.2: Non-linear distributed sensing scheme.

previously received signals {R[IO o R[QO t]} is not practical, we propose the following

sub-optimal algorithm.

1. Compute estimates )N(O‘t, . ,f(ﬂt of Xo,..., X, where Xklt denotes estimate

of X at time t based on the previous state estimate Xt_l and R} using a
Kalman filter cf. Kalman Filter 1 in the Fig.

. Assume that [(Xy, — Y2 — Z3,)/ns| < Ag/2 Vs and compute the Maximum

Likelihood estimates Y2 as (cf. ML decoder in Fig. [5.3):

Y2 = argminy ¢y, ((S*(Ys) — R2)?), (5.11)

where Y = {Y; : |)~(5‘t =Y, <nsAg/2}.

. Finally assume that the estimates 1752 had been linearly encoded (multiplied by

n6) and find the estimate X, from a Kalman filter using {R[lo 1> Mo, Ulo,e—11}
and Ujg¢_1) as input cf. Kalman Filter 2 in Fig. 5.3l

5.2.4 Choosing A;.

We propose the following procedure to choose the parameters {A;} in the sawtooth
sensor mapping:

o For time step ¢t = 0, we choose Ay so as to minimize E[(Xo — X0)?]. This is

done using methods similar to the ones in [WS09a].

For time step t = 1, we fix Ag to the value found in step 1, and simulate the
system up to ¢ = 1 for different values of A;. We then choose the value of Aq
that minimizes E[(X; — X1)?].

Similarly for any time ¢t = s, we fix Ag,...,As_1 to the values found in the
previous steps and simulate the system up to ¢t = s for different A;. We then
choose the Ay that minimizes F[(Xs — X5)?].
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Figure 5.3: State estimator for the non-linear distributed sensing scheme.

5.3 Performance Analysis
Let Z; denote the estimation error in X't, i.e.

X=X+ 7. (5.12)
Now we can rewrite the state equation (5.1I) as

Xt+1 - )\Xt + Ut + Wt
= —\Z; + Wy, (5.13)

which follows from Uy = —AX,. The cost function (5.6) is then given by
T

>

t=1

T-1
> (-AZi+ Wt)Q]

t=0

Lr=F

=F

T-1

=Y (Vo%, + ), (5.14)
t=0

which shows that the performance of the system will depend on the following two
terms: )\20'%t and n,,. The second term n,, arises from the process noise which we
will not be able to affect. The first term A?0% arises from the estimation error Z;.
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Hence, improving the estimation of X, i.e., lowering O’%t will lower the value of
the cost function as previously stated. However, one might also suspect that the
induced distribution of Z; affects the cost Ly since it changes the distribution of
X,. This is only implicitly true, the created MSE E[(X; — X;)?] of the proposed
scheme in (B9)—(EI0) will, approximately, not depend on the distribution of X,
given a fixed system S! and S?, see [WS09a]. However, the distribution of X; will
affect P(Af,t) which in turn will affect the scaling parameter of the output and
this parameter naturally affects the MSE.

The impact of the process noise W; on our system is interesting. A high process
noise variance n,, will directly make the objective function larger as seen above,
but it will also make the correlation between the two sensor measurements larger.
If we have no process noise then X; = —AZ;_; which, given good encoders and
decoders, will be small. Thus, the impact of measurement noise will be higher,
taking away the correlation between Y} and Y;? and most of the benefits of non-
linear transmission scheme. For low process noise we would thus expect that using
non-linear encoders at time ¢ = 0 and linear encoders for the other time steps
(corresponding to A; — oo for t > 0) will be optimal.

The impact of the channel noise variances N, ; on the performance was studied
in [WS09a]. There it was shown that either low or high N, will lead to a linear
system working as well as the nonlinear. In order to verify our claims, we perform
numerical simulations for different values of the system parameters.

Numerical Simulations:

In Figures we present results from three simulations. For all simulations,
we choose the system parameter A = 1.2, the initial state variance 02 = 5 and the
time-horizon T' = 3. Further we only consider the cases with equal power constraints
at the sensors and equal noise variances, i.e., N} = N2 = N, N} = N7 = Ny, and
Py = P,. All optimized values for Ajg 7_1) can be found in Table 5.1l

The results from the first simulation are shown in Figure 5.4l Here we vary the
channel noise variance Ny while keeping the other parameters fixed. For the optimal
nonlinear and the linear curves we have optimized the encoders and decoder for the
actual SNR used in the simulation. For the mismatched nonlinear curve we used
the encoder optimized for SNR = 9 dB, but the decoder used the true SNR of
the channel. This was done in order to see how robust the encoders are to SNR
mismatch. We see that the nonlinear system gives a power gain over the linear
system with up to 2 dB, and also that the system is very robust to SNR mismatch.

In the second simulation we use the same parameters as in the first simulation,
but here the process noise variance is n,, = 3. The mismatched system is again
optimized for SNR = 9 dB. For this simulation we also see a 2 dB gain, and again
the system is robust to SNR mismatch.

The results from the third simulation are shown in Figure Here we keep
the channel noise variance Ny fixed, while instead varying the measurement noise
variance N,. As in the first two simulations we show results for both optimized and
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Table 5.1: Optimized values of Ajg 7_1; for different choices of system and channel

parameters.

SNR (dB) N, Ny Ag Ay A,
6 0.001 1 10.6 | 6.2 4.2
0.001 1 5.6 2.4 2.4

12 0.001 1 4 1.8 1.8
15 0.001 1 3 1.4 1.4

18 0.001 1 2.2 1 1

21 0.001 1 1.6 1 1
6 0.001 | 3 105 | 7.5 | 6.75
9 0.001 | 3 5.5 4.5 4.5
12 0.001 | 3 4 3 3
15 0.001 | 3 3 2.5 2.5
18 0.001 | 3 2.25 | 1.75 | 1.75
21 0.001 | 3 1.75 | 1.25 | 1.25
10 0.01 0 5 o0 o0
10 0.06 0 5.6 00 00
10 0.11 0 6.2 o0 o0
10 0.16 0 6.8 00 00
10 0.21 0 7.2 o0 o0
10 0.26 0 7.8 o0 o0
10 0.31 0 8.4 00 00
10 0.36 0 8.8 o0 o0
10 0.41 0 9.2 00 00
10 0.46 0 9.8 o0 o0
10 0.51 0 10.2 | o0 o0

mismatched Ajg7_1j. The mismatched Ay r_1) were optimized for N = 0.16.

5.4 Conclusions

We proposed a distributed non-linear sensing scheme for closed-loop control system
with two sensors measuring the plant’s state. The proposed sensing and transmis-
sion scheme is delay-free, robust to the knowledge of noise statistics at the sensors,
and can be implemented with reasonable complexity. The non-linear sensing has
been shown to significantly outperform the best linear strategy. Conceptually, this
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Figure 5.4: Systems with N, = 0.001 and n,, =1
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Figure 5.5: Systems with N, = 0.001 and n,, = 3

scheme can be easily generalized to an arbitrary number of sensors by employing
a linear mapping at the first sensor node and sawtooth mappings at the remaining
sensor nodes with successively decreasing time periods A;. How the number of sen-
sor nodes will affect the system performance compared to the best linear scheme is
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yet to be studied.
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Chapter 6

Multiple-access and Broadcast Channels

6.1 Introduction

ious communication network settings, with stabilization and cost-minimization

as the two main objectives. This chapter, together with Chapter [7 investigates
control of multiple plants over basic multi-user Gaussian channels such as multiple-
access channel, broadcast channel, and interference channel. In this chapter we
focus on the problem of mean-square stabilization of two LTI plants over two-
user multiple-access and broadcast channels. The two or more user multiple-access
channel is the communication channel where two or more sources transmit their
messages to a common destination [CT06]. By the stabilization over the multiple-
access channel we mean that there exist two separate sensors to sense the states
and a single remote controller to stabilize the two plants i.e., a multi-sensor joint
controller setup.The capacity region of the two-user memoryless Gaussian multiple-
access channel with noiseless feedback is found in [Oza84], which is relevant to the
problem of closed-loop control over the multiple-access channel. The two or more
user broadcast channel is the communication channel where one sender transmits
messages to two or more destinations [CT06|. Stabilization over broadcast channel
refers to a joint sensor multi-controller setup i.e., there exists a common sensor to
jointly observe the states of the two plants and there are two separate remote con-
trollers in order to stabilize them. The capacity region of the Gaussian broadcast
channel with and without feedback is not known [CT06]. For the problem of closed-
loop control, the broadcast channel with feedback is more relevant. In [OLYC84]
Ozarow et al. provided an achievable rate region over the two user memoryless
Gaussian broadcast channel with noiseless feedback which is highly relevant to the
problem considered in this chapter. The coding schemes proposed by Ozarow et al.
in [0za84JOLYC84] for the memoryless Gaussian multiple-access and the broadcast
channels with noiseless are extensions of the well-known Schalkwijk-Kailath cod-
ing scheme for memoryless Gaussian point-to-point communication channel with
noiseless feedback [SK66].

In the previous chapters we focused on control of a single LTT system over var-
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In Chapter 2l and Chapter B, we used linear schemes schemes for deriving suf-
ficient conditions for closed-loop stabilization of a single LTI system over vari-
ous Gaussian network topologies. This chapter now considers extends the study
to two LTI plants that have to be remotely stabilized over the white Gaus-
sian multiple-access and the white Gaussian broadcast channels. We use linear
and memoryless communication and control schemes based on Ozarow’s coding
schemes [0za84,[OLYC84] to derive regions which are sufficient for mean square
stability of the two plants.

6.2 Problem Setup
Consider two scalar noise-free LTI systems whose state equations are given by
o= NX{+UL i=1,2, (6.1)

where X/ € R and U} € R are state and control processes of the plant i. We assume
that the open-loop systems are unstable (\; > 1) and the initial states X{ are
random variables with arbitrary probability distributions having second moment

E[XJ X2
\/ﬁ We study the problem of

remotely controlling the two unstable systems over white Gaussian broadcast and
multiple-access channels.

a;0 = E[(X})?] and correlation coefficient py =

6.2.1 Control Over Multiple-access Channel

The setup for control over a multiple-access channel is depicted in Fig. There are
separate observers O; and O for the two plants, and there is a common control
unit C situated at remote location. In order to communicate the observed state
values to the controller, an encoder &; is lumped with O; and a decoder D is
lumped with the controller. At any time instant ¢, the encoders & and & transmit
S} and S? respectively, and the decoder D receives R; = S} + S? + Z;, where
Zy ~ N(0,N) is the white noise component. Let f;; denote the observer/encoder
policy for the plant i, then we have S; = f;({X}},_,) which must satisfy an
average power constraint limr_, %ZtT:_Ol E[(S})?] < P;. Further let v;; denote
the decoder/controller policy, then U = v; +({Rx }5_,)-

6.2.2 Control Over Broadcast Channel

The setup for control over a broadcast channel is depicted in Fig. There is a
common observer O and separate controllers C; and Cs for the two plants. In order to
communicate the observed state values to the controllers, an encoder £ is lumped
with the observer and the decoders D; and D, are lumped with the respective
controllers. At any time instant ¢, the encoder transmits S; and the decoder D;
receives Ry = Sy +Zy+ Z;, where Z} ~ N'(0,N;) and Z; ~ N(0, N) are the mutually
independent white noise components. The noise component Z; in the broadcast
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Figure 6.1: The two unstable LTI plants have to be controlled over the white Gaus-
sian multiple access channel. There are two sensors to separately sense the states
of the two plants and there is a remote common control unit.

channel can model a common noise or interference in the two signals. Let f; denote
the observer/encoder policy, then we have S; = fi({X1x}i_, {X2k}h_o) which
must satisfy an average power constraint limy_, oo = ZtT;Ol E[S?] < P. Further let
7i,t denote the decoder/controller policy, then U; = 7; +({Rik }i_o)-

Dy /Co

C1/Ds

Figure 6.2: The two unstable LTI plants have to be controlled over the white Gaus-
sian broadcast channel. There is a common sensor to jointly sense the states of the
two plants and there are remotely located separate control units.

6.2.3 Mean-square Stability

For a noise-free plant, we modify Definition 2Z-T.T] (definition of mean square stability
for a noisy plant) as follows.
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Definition 6.2.1. A noiseless system is said to be mean square stable if and only
if
lim E[X7?] =0,

t—o00

regardless of the initial state Xg.

6.3 Main Results

We will first present our results in a comprehensive fashion and then provide the
proofs in the next section.

6.3.1 Stability Results for the Multiple-access Channel

Theorem 6.3.1. The two scalar LTI systems in (G1]) can be mean square stabi-
lized over the memoryless white Gaussian multiple access channel if the systems’
parameters {1, A2} satisfy the following inequalities

1 Py (1-p*?)
1 “log 14—~
0g(A1) < 3 0g< + I :

log(A2) < %log (1 + W) ; (6.2)

where p* is the root in the open interval (0,1) of the following fourth order polyno-
mial

(P (1=p?) + N) (P2 (1= p*) + N) = (P + P2+ 20/PiP; + N) N, (6.3)
Proof. The proof is given in Sec. [6.4Tl O

Remark 6.3.1. It can be shown that for fully correlated initial states, i.e., po =1,
the stability conditions are given by

1 P+ P, +2/PP.
log()\i)<§10g<1+ 1 ! 2), i=1,2.

N

Remark 6.3.2. The terms on the right hand side in (63) correspond to the
sum-rate optimal achievable rate pair for the two sources over the white Gaus-
sian multiple-access channel with noiseless feedback [Oza84)]. However, the stability
region in (G2) is smaller than the capacity region in [Oza84)]. This is because to
ensure second moment stability the coding scheme has to have exponential error
decay.
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6.3.2 Stability Results for the Broadcast Channel

In the broadcast channel there is a joint encoder with an output power constraint
contrary to the multiple-access channel where the two encoders have individual
power constraints. Therefore the joint encoder in the broadcast channel has freedom
to tradeoff between the powers allocated to the transmission of the observed states
of the two plants.

Theorem 6.3.2. The two scalar LTI systems in (G1]) can be mean square stabilized
over the memoryless white Gaussian broadcast channel if the systems’ parameters
{A1, A2} satisfy the following inequalities

1 D* (N + Ny + P)
tog(h) < 3 losg (D* (N+N)+g?P(1 p*)) ’
( D* (N + Np + P) )

D*(N+No)+P(1—p*))’

1
log(A2) < = log

5 (6.4)

where D* = 1+ g% + 2gp*, g > 0, and p* is the largest root in the open interval
(0,1) of the following polynomial

(D(NE + N1N2)p — gP(1 — p?))

P=" 2 2 2 2 (6.5)
VL DN+ N +92P(1— ) (DN + N2) 1 2 P(1— 7))
where 1= (P+ N+ N1)(P+ N+ N3) and ¥ =P+ N+ N; + No.
Proof. The proof is given in Sec. O

Remark 6.3.3. The terms on the right hand side in (6-4]) is an achievable rate
pair for the two decoders over the white Gaussian broadcast channel with noiseless
feedback [OLYC8J).

Remark 6.3.4. If the noise components Z} and Z? are zero in the broadcast chan-
nel model, then the two controllers receive the same signal and this setup is equiv-
alent to having a joint controller. Therefore the stability region for the joint-sensor
joint-controller case can be obtained by setting Ny = No =0 in (67)).

The parameter g in ([64) can tradeoff between the stabilizability of the two
plants and thus we can obtain a stability region for the given channel parameters
by increasing g from zero to less than infinity. Fig. shows some examples of
stability regions for P = 10. The solid line shows the boundary of the stability
region when N = 0 and N; = Ny = 1, the dashed line shows the boundary of the
stability region when N = N; = Ny = 0.5, and the dotted line shows the boundary
of the stability region when N = 1 and N; = Ny = 0. In these examples N+ N; = 1,
and we can observe that the individual noise components {Z}, Z?} are less harmful
than the common noise component Z; due to diversity effect. For comparison we
also show the stability region when the encoder separately serves the two plants in
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Figure 6.3: Illustration of the stability regions for the broadcast channel.

alternate time steps, i.e., in each time step there is a point-to-point communication
link from the encoder to one of the controllers. For this case the necessary and
sufficient conditions for mean square stability can be found in [ZOS10a], which are
given by

1
log(X\;) < 1 log (1 + ) for all i € {1, 2}.

N+ N;

The boundary of the rectangular stability region defined by the above inequalities
is shown in Fig. 63 for P =10 and N + N; = 1.

6.4 Proofs

In order to prove Theorems B.3.1] and 632 we propose to use coding schemes
in [Oza84] and [OLYC84]. These schemes are based on Schalkwijk—Kailath coding
scheme [SK66]. By employing the proposed coding schemes over the given broadcast
and multiple-access channels, we then find conditions on the system parameters
{A1, A2} which are sufficient to mean square stabilize the systems in (61]).

6.4.1 Proof of Theorem [6.3.1]

The scheme for the white Gaussian multiple-access channel works as follows.
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Initial time steps, t =0,1

Similar to the schemes for the channels (point-to-point and relay channels) studied
in the previous chapters, we perform an initialization to make the plants’ states
Gaussian distributed. Initially, the two encoders transmit the observed state values
in alternate time slots to the respective controllers. The first two disjoint trans-
missions in time make the plants’ states Gaussian distributed regardless of the
distribution of their initial states, which will be explained shortly. However if the
initial states are already Gaussian, then the following disjoint initial transmissions
are not needed.

At time step t = 0, the encoder & observes X¢ and transmits S} = Oflo X¢.

The encoder &; stays quiet, i.e., S3 = 0. The decoder D receives Ry = S} + Zp. It
then estimates X} as

% a1,0
Xo=/—5"R
Py
a1,0
=Xi+ /=2
ot P
The controller C then takes an action U} = —A; X} for the plant 1, which results in
X1 = Ai(X§— X}). The state X{ ~ N(0,a1,1) with a1 = A}<42% The controller

does not take any action for the plant 2, therefore X12 = )\ng with ag 1 = )\%ag,o.
At time step t = 1, the encoder & stays quiet. The encoder £ observes X7 and

transmits S? = a{?l X2. The decoder D receives Ry = S? + Z. It then estimates
X% as
% Q31
X{=,/=-R
1 P2
Q31
=X +,/—=-Z
1 + P2

The controller C then takes an action UZ = —AoX ? for the plant 2, which results
in X2 = X\(X? — X3). The state X3 ~ N(0,az,2). For the plant 1, the controller
does not take any action U} = 0, therefore X1 = A\ X] and XJ ~ N (0, a1 2).

It is noteworthy that due to non-overlapping initial transmissions by the two
encoders, the states XJ and X2 are now zero mean Gaussian variables with cor-
E[X; X3]
Va1, 202 2
transmit their signals simultaneously.

relation coefficient py = equal to zero'. Henceforth the two encoders will

1The states in the second time step become uncorrelated irrespective of the value of the
correlation between the initial states. This scheme does not exploit correlation between the initial
states and thus the stability region obtained is independent of the correlation of the initial states.
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Further time steps t > 2

The two encoders £ and & observe X! and X7, and they respectively transmit

Py
St=,—Xx}
t gt v
P
7 =\ [ =—=X7sgn(pr),
Qg ¢

E[(X/-E[X;])(X?-E[X7?]) . .
where p; = [ NcTwen | and sgn(p) = 1if p; > 0 and sgn(p;) = —1 if
pr < 0.

The decoder D receives R; = S} + S? + Z;. It then computes an MMSE estimate
of the state of the plant i as

X; =E[X/|R]
@ M&, (6.6)
E [(Rt)ﬂ

where (a) follows from the fact that the optimum MMSE of the Gaussian variable
is linear [Hay96]; and we have

E[X}!R] = Jai; (\/Fﬁ \/leptl) ;
E[X2R,) = \/az; (\/EJr \/Fllpd) sgn(pe),

E[R}] = P + P>+ 2|p:|\/Pi P2 + N. (6.7)
The controller C takes an action Uj = ,)\Z_th‘ for the plant ¢, which results in

X7, 1 = MN(X} — X}). The mean values of the states are
E[X)] =E|x (x] - %))

E
W NE | xi -

=0, (6.8)

where (a) follows from (6.6); and (b) follows from E[X, 2] = 0 and by recursively
using (a). The variance of the state X}, is given by

X X ~ N\ 2
e = B [()?) = 28 | (x; - K)']
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E | R X}
=ME | [ X} - F ;}
E[(R)’]
1\ 2
N2 E R X}
=2 E[(x)’] - E] tj) (6.9)
E|(R.)’]
By using (67) in (69) we get the following recursive equations
N+ P,(1—p}) )
Q1441 = Q1 4 A] ! 6.10
B <P1 + P+ 2lp VPP, + N (6.10)
N+ Pi(1—pf) )
o = as N3 6.11
s =008 (5 L VAR T (&-10)
The cross-correlation between the states is given by
E[Xt1+1X152+1] =E [Al (th - Xt1> A2 (Xt2 - XE)}
E|[X!R]E|[X?R
(i))q)\z E[thXﬂ* [ - t] [2 : t}
E|(R)?]
() Npi —sgu(pi) VPP (1 — p?))
WY , 6.12
Nl e ek (6.12)

where (a) follows from E[thXf] = E[X?th] = E[thXtQ] = %w; and (b)
follows from (67). The correlation coefficient is then given by

E [thJrlXtQJrl]

£V O1,t02 ¢
(@ araz;  ((Npi—sgn(p)vVPiPa(1 — p?)
= Ao
atp4100¢41 \ P+ P+ 2|pi|VPiP, + N
®  Npi—sgn(p)VPiP (1-p7)

- vt > 2, 6.13
VIFPA-) N+ P (1—p7) (6.13)

where (a) follows from (GI2); and (b) follows from (GI0) and (@II]). It has been
shown in [Oza84] that for (613) there exists a p* such that if p; = p* then pipr =
(=1)kp* for all k > 0, where p* is the root in the open interval (0, 1) of the following
fourth order polynomial.

Pt+1 =

(Pr(1=p?) + N) (P (1= p%) + N) = (Pi+ P+ 20/ PiPe + N) N (6.14)

If we modify the control actions such that ps becomes equal to p* instead of zero,
then p; will be equal to (—1)¢p* for all £ > 2. Suppose in the time step ¢ = 1 the
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controller takes the actions U} = m and U? = 7}\24}2‘% +m, where m is a Gaussian
variable with zero mean and variance o2,. By varying o2, the correlation coefficient
p2 can be made equal to any value between zero and one. Therefore by choosing

o2, such that py = p*, we can rewrite (6.I0) and (G.11)) as

alt:oug()\? N+ P,(1—p*") )t—2
N Y\ P+ Py +2|pf| VPP + N

N t—2
=0 [ N2 - , 6.15
a72<lN+Pi(1—P*)) (6:15)

where the last equality follows from (6I4). We observe from (G.I5]) that a;; — 0
as t — oo if

N
2
R 1
(A1N+P¢(1p*)) =

1 P (1-p*?)
log(\;) < =log [ 1+ ———" 2|,
:>0g()\)<20g<+ N

which completes the proof. ]

6.4.2 Proof of Theorem [6.3.2]

The communication and control scheme for the white Gaussian broadcast channel
is in principle similar to that of the multiple-access channel where in the beginning
the encoder separately transmit the states of the two plants in order to make them
Gaussian. Thereafter the Gaussian distributed states are transmitted jointly. This
scheme works as follows.

Initial time steps, t =0,1

In the first two time steps the encoder transmits state observations of each plant
separately. These separate initial transmissions make plant states Gaussian dis-
tributed regardless of the distribution of their initial states. However if the initial
states are already Gaussian, then the following separate initial transmissions are
not needed.

At time step ¢ = 0 the encoder ignores Xg and transmits X} as Sp = , / a]:o X3.

The decoder Dy receives Ry = So + Zo + Zj. It then estimates X as
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The controller C; then takes an action U; o = 7/\1)2*3 for the plant 1, which results
in X! = A\ (X} — X1), where X! ~ N(0,011) with ay; = A%M The

P
controller Cy does not take any action for the plant 2, therefore X7 = Ao Xg with
Q21 = )\%@270.

At time step t = 1 the encoder £ ignores Xi and transmits only X2, i.e.,

S1 =4 /%X%. The decoder D5 receives R2 = S, + 71 + ZIQ. It then estimates X12

as
& Q21
Xi =/ ?R%
=X24 ,/%(Zl + 72).

The controller C, then takes an action Us 1 = _)\QX 12 for the plant 2, which results
in X3 = M\a(X?— X?), where X3 ~ N (0, a2,2). The controller C; does not take any
action for the plant 1, i.e., U1 = 0, therefore X3 = A\; X1 and X3 ~ N (0,1 2).

Similar to the multiple-access channel, the states X1 and X2 are now zero
EX X5] equal to zero?
Vorzazs o4 '
Henceforth the encoder will serve both plants simultaneously.

mean Gaussian variables with correlation coefficient ps =

Further time steps, t > 2

The encoder £ observes X} and X7, and it transmits

S, = \/th (% + \/)isgn(pt ) (6.16)

E[(X] —E[X]) (X7 -E[X]))]

where Dy = 1+ g2 +2g|ps|, 9 > 0, p; =

pt > 0 and sgn(p;) = —1if p; < 0.
The decoder D; receives R: = S; + Z; + Z}. It then computes an MMSE estimate
of the state of the plant i as

, and sgn(p;) = 1 if

Xi =E [X{|{Ri}io]
YE [X]|R)]

© E[RX]]
E|(%))’]
where (a) follows from E[X;R; )] = 0 for all k < t and X; and R} are Gaussian
variables; (b) follows from the fact that the optimum MMSE of the Gaussian variable

R, (6.17)

2The states in the second time step become uncorrelated irrespective of the value of the
correlation between the initial states. This scheme does not exploit correlation between the initial
states and thus the stability region obtained is independent of the correlation of the initial states.
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is linear [Hay96]; and we have

Pa
E[X{Ry] =/ 5= (L gle)

Pao
E[XER?] = Tft (pt +gsgn(pt)),

E[(R})®| = P+ N+ N,. (6.18)

The controller C; takes an action Ui = ,)\Z_Xti for the plant ¢, which results in
X/, = Xi(X] — X}). The mean values of the states are

B [xE] < [ (- )]

i E[RX] i]
Xj - ——tp
E[(R})’]

where (a) follows from (617); and (b) follows from E[X; 2] = 0 and by recursively
using (a). The variance of the state X} 11 is given by

Q1 :=E [(XZ+1)2] = AE [(XZ - XZ)2]

— 2 <E [(x)*] - M) - (6.19)

E[(R})?]

By using ([6I8) in (GI9) we get the following recursive equations.

Dy(N + N1) + ¢>P(1 — p?)
= A2 ¢ 6.20
ML+l = A 1( Dy(P+ N +Np) (6.20)
Dy(N + No) + P(1 — p?)
= A2 6.21
Q2041 = Q2,4 ( Dy(P+ N+ Ny (6.21)

The cross-correlation between the states is given by
E [Xt1+1Xt2+1] =E {)‘1 (th - th) A2 (Xt2 - Xf)}

= ks (B [x7] 28 [0x7] 8 [£67])

@5, <IE [X!X2| 11 - E[RIX}| E [R?X?] 2)
i

b P
© A1 Ao /o o g (Pt T DI (pt + g lpt| pr + gsgn(pt) + gpe) 2) ;
(6.22)
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o RIX}E[RIX} o E[R; X} |E[R}X?
where (a) follows from E[X}X7] = EIR X BRX), E(x}X7) = BEXJERX]
E[%)%7] = SRR 112 (P+ N+ N)(P+ N + Np), and £ 2

(P + N + Ny + Ny); and (b) follows from (G.I8). Now we can write a recursive
equation for the correlation coefficient p; by using (620), (G21I)) and [©22), as
E (X1 X2
VAL t+H102 ¢ 41
_ (D¢ (N + N1 N3) p; — gPX (1 = pf) sgn(py))
VIT(Dy (N + Ni) + g*P (1= p})) (Di (N + Na) + 2P (1 — p7)))

Pt+1 =

It has been shown in [OLYC84] that for the above recursive equation there exists
a p* such that if p; = p* then pyyp = (—1)¥p* for all k > 0, where p* is the largest
root in the open interval (0,1) of the polynomial given in (6X). If we modify our
encoding scheme such that ps becomes equal to p* instead of zero, then p; will be
equal to (—1)tp* for all t > 2. Suppose in the initial transmissions (i.e., t = 0, 1)

P_ Xl 4+ mand S; = ,/LX%er where m is

a Gaussian variable with zero mean and variance o2,. In this Way p2 can take on
value between zero and one by varying o2,. Thus by choosmg o2, such that py = p*,

we can rewrite (GI0) and (GIT) as

the encoder transmits Sy = oo

t—2
D*(N + Ny) + g*P(1 — p*?)
= 22 2
oy a12< D*(P+N + Ny (6.23)
t—2
D*(N + N») + P(1 — p*?)
= b¥: 24
a2t = 32,2 ( T D(P+N+ Ny (6.24)

Although in the modified encoding scheme we have violated the average power
constraint for the first two transmissions, its effect can be neglected for infinite
time horizon. We observe from (6.23) that oy, — 0 as t — oo if

\2 D*(N + Ny) + g°P(1 — p*?) -1
D*(P+ N + Ny)

D*(P+ N+ N )

=lo ()\)<110 <
B B\D (N T M)+ 2P )

Similarly it follows from ([@.24) that ey — 0 as ¢ — oo if

D*(P + N + Ns)
log(A2) < log (D*(N+N2)+P(1 )) 7

which completes the proof. O

Remark 6.4.1. The sensing and control schemes presented above for stabilization
of a scalar plant over multiple-access and broadcast channels can be extended to
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vector-valued plants by using the time sharing approach of mode by mode transmis-
sion proposed in Chapter[2. In this time sharing scheme, the sensor transmits only
one component of the state vector at each time step such that the state components
corresponding to more unstable states are transmitted more often. Thus, channel is
time shared between different state components according to their level of instability.

6.5 Conclusion

We studied the problem of mean square stabilizing two discrete time scalar LTI
systems in closed-loop via control over white Gaussian multiple-access and broad-
cast communication channels. We proposed to use simple linear communication and
control schemes and derived sufficient conditions for stability under the proposed
schemes. The stability regions obtained are associated with the achievable rate re-
gions for the given channels with noiseless feedback due to the fact Ozarow’s scheme
provides an exponential error decay. Our results reveal relationships between mean
square stability of the two plants and the communication channels’ parameters,
i.e., average power consumed by the encoder(s) and the average power of the noise
components in different links. We showed that the proposed schemes significantly
outperform the TDMA schemes. We showed that achievable stability regions are
enlarged when the initial states of the two plants are fully correlated. For broadcast
channels, individual noise component seems to be less harmful than common noise
components which models an external interference disturbing the signals received
at both controllers.



Chapter 7

Interference Channels

7.1 Introduction

In a networked control system there are various agents such as sensors, controllers,
actuators, and plants. These agents need to communicate to meet certain control
objectives, and in many applications this communication should preferably take
place over wireless links to reduce cabling cost and to provide flexible and mobile
solutions. A major hurdle in implementing wireless networked control systems is
the interference which happens due to the cross-talk between various agents while
using shared communication resources. There are also external sources of interfer-
ence such as other radio devices communicating in the neighborhood. In certain
situations, interference can be a major factor limiting performance of a networked
control system. Therefore, it is essential to study and understand the behavior
of networked control systems subject to interference. This chapter makes an ef-
fort in this direction by providing necessary conditions and sufficient conditions
for mean-square stabilization over a symmetric Gaussian interference channel. The
gaps between the necessary conditions and the sufficient conditions are evaluated.
It is demonstrated that delay-free linear sensing and control schemes can be close
to optimal in some regimes. Moreover, in certain special cases they are shown to
be exactly optimal.

7.2 Problem Setup

As in Chapter [6] we consider two noise-free LTT plants whose state equations are
given by,

X/ = AX/+U, i=12, (7.1)
where X} € R and U} € R", are the state and the control processes of the i-th
plant. We assume that the initial state X is a random variable with an arbitrary
probability distribution and a given covariance matrix Af with Tr[Aj] < oo. Let
{Ai1, N2, Ain} denote the eigenvalues of the system matrix A;. Without loss

115
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Figure 7.1: System Model.

of generality we assume that all the eigenvalues of the system matrix A; are outside
the unit disc, i.e., |A; ;] > 1 for all 4,j. The unstable modes can be decoupled
from the stable modes by a similarity transformation. If the system in (7.1]) is one
dimensional, then A; is scalar and we use the notation A; = A;, where |\;| > 1.
The setup for control over symmetric Gaussian interference channel is depicted
in Fig. [[Il There are two separate observers {01, 02} and separate controllers
{C;,Cy} for the two plants. In order to communicate the observed state values to
the controllers, an encoder &; is lumped with the observer O; and a decoder D;
is lumped with the controller C;. At any time instant ¢, the encoders & and &,
transmit S} and S? respectively. The decoders D; and Dy respectively receive

R} =S} +cS; + 7},
R} = S} + ¢S} + 27,

where ¢ € RT is the cross channel gain, and Z} ~ N (0,N) and Z? ~ N (0,N)
are white noise components with a fixed cross-correlation coefficient p, =
E|z} Z}
# € [—1,1]. The cross-correlation between the two noise components mod-
els a common noise or common interference in the two signals. Let f; denote

the ith observer/encoder policy, then we have S; = f} (X[l ) where X[iO g =

0,1]

{X% X4, ..., X}}. The sensors must satisfy an average transmit power constraint

E[(S})?] = E[(S)?] = P. We define the correlation between S} and S7 as
12 )

pr = E[SI’; £ € [—1,1]. Further, let m} denote the i-th decoder/controller pol-

icy, then U} = r} (Rfo t]). The common objective of the sensors and the controllers

is to stabilize their respective plants in the mean-square sense (cf. Definition [62.1]).

Rest of the chapter is organized as follows: In Sec. necessary conditions for
mean-square stability are presented. In Sec.[Z.4]some linear memoryless sensing and
control schemes are introduced and the conditions that guarantee system stability
under those schemes are presented. Sec. gives some special cases where these
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schemes are optimal. Further discussions on how interference channel parameters
affect stabilizability are given in Sec. The proofs of the necessity and sufficiency
results are given in Sec. [[7land Sec. [[.8 respectively. Finally, Sec. [7.9 concludes the
main findings of this chapter and highlights some interesting directions for future
research on this topic.

7.3 Necessary Conditions for Stabilization

In the following theorem we present necessary conditions for mean-square stabiliza-
tion.

Theorem 7.3.1. The two LTI systems in {Z1]) can be mean square stabilized over
the given symmetric Gaussian interference channel only if

2
log (et (41)]) < o <1 " %) , (7.2)
log (|det (A3) |) < %log (1 + w> , (7.3)

1 P (1+ ¢+ 2cp)
< = B S A
log (|det (A1) [) +log (|det (A2) |) < 5 max { log <1 + N

N (1—=p2)+P(1+c*—2cp.) (1-p?)
e ( (1—p2) (Pc?(1—p?)+ N) ) } (7.4)

Proof. The proof is given in Sec. [[1l O

Remark 7.3.1. It is interesting to note that the terms on the RHS of (C2)) and (T3)
are increasing functions of cross-channel gain c, which indicates that interference
may improve stabilizability. However, these are only necessary conditions. In the
following sections we will also present sufficient conditions and show that achievable
stability region can actually enlarge in the presence of strong interference.

Remark 7.3.2. In order to see the effect of noise correlation on the necessary
conditions, let us consider a special case with ¢ = 1. The second addend on the
RHS of (C4) is then given by,

2P(1—p?
N (1= p2)+P (1+c*—2cp.) (1_p2)> — log it (75)
( o

o ( - (PE(1— A+ N) PA— ) +N)

which is a decreasing function of p., indicating that higher noise correlation may
be more harmful.
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Remark 7.3.3. For p, = ¢ = 1, the interference channel becomes equivalent to a
multiple access channel studied in Chapter[@. Therefore, by substituting p, = ¢ = 1
in [4l) (we use (A while evaluating [TA) to avoid a division by zero), we get
the following mecessary condition for mean square stabilization over a symmetric

Gaussian multiple access channel:
P(1+¢)?
1 1+ — 7.6
og < +——= : (7.6)

which complements the sufficient conditions derived in Chapter [Q.

Remark 7.3.4. The term of on the RHS of (T4l is also an outer bound on the
symmetric capacity of a two-user Gaussian interference channel with noiseless feed-
back [STLI)]. This result is presented in [ST11, Theorem 1] for p, =0 and N = 1.

log (|det (A1) [) +log (|det (A2) [) <

N~

7.4 Sufficient Conditions for Stabilization

In this section, we propose to use delay-free sensing and control schemes for sta-
bilization of scalar LTI plants over the given Gaussian interference channel. By
employing the proposed schemes, we obtain sufficient conditions for mean square
stability.

7.4.1 Proposed Sensing and Control Schemes

At any time ¢, the encoders {£1, £2} observe the state of their corresponding plants
and respectively transmit,

P
St1 = th J
Qq ¢
P
St =sgn(pr) | — X7,
Qg t
where o;; = E[(XZ)Q] is the second moment of the i-th state variable,
E[Xx} X}
pr = \/% is the correlation coeflicient of the two state variables and

sgn(pt) = —1 when p; < 0 and sgn(p;) = 1 when p; > 0. It is shown in Sec. [[.81]
that in the steady state either sgn(p;) = (—1)* or sgn(p;) = 1 for all t. The sensor &,
can compute sgn(p;) off-line depending on the values of channel parameters, there-
fore the two sensors are not required to cooperate. This transmit scheme is based
on the coding scheme introduced by Ozarow for Gaussian multiple-access channel
with noiseless feedback [0za84], which was later used by Kramer for transmission
over interference networks [KGGO5|.

The i-th controller C; receives the signal R} and aims at stabilizing the i-th
plant in mean square sense. We consider the following two memoryless linear control
strategies.
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MMSE based Control Scheme

In this scheme, the i-th controller computes a memoryless MMSE estimate of the
state and applies an action which is linear in the state estimate, i.e., the control
actions are given by

U/ = -NE[X/|R]],  fori=1,2.

We refer to this scheme as MMSE based control scheme.

Optimized Control Scheme

In this scheme, the actions of {C1,C2} at any time ¢ are given by

Utl = 7)\1]17‘/041’th1,
U? = —Xaky/aasgn (p) R,
_ 2 _ Ex/x7]
where ;s = E [(Xt’) ], Pt = e
can be optimized to maximize achievable stability region. We refer to this scheme
as optimized control scheme.
For the sake of reference we also consider a TDMA transmit scheme in which

the two sensors transmit in disjoint time slots such that there is no cross-talk.

and k € Rt is a design parameter which

7.4.2 TDMA scheme

Time division multiple-access (TDMA) scheme works as follows: Let I,11,ls € N
such that | = I; + 5. Now consider a periodic transmission scheme with a time
period equal to [ time steps. Assume that during each transmission period, sensor
&1 transmits in the first [; time steps and then sensor £ transmits in the remaining
l> time steps. The signals transmitted by the two sensors are given by,

P
S} = a_th, S?2=0, te{l+nl,2+nl,....,l1 +nl},neN,
1,t
P
52 = a_XtQ’ St=0, te{li+1+nlli+2+nl,...,ni},neN. (7.7)
2t

)

Suppose that the controllers also apply actions in disjoint time steps, given as
follows:

Ul =-ME[X/R!], U}=0, te{l+nl,2+nl,... 0i+nl},neN,
Ul =-XE[X2R]], U!'=0, te{i+1+nl,i+2+nl,...,nl},neN.
(7.8)

This is an optimal control strategy given that sensors are transmitting in non-
overlapping time slots. It will be shown shortly that in this scheme the parameters
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l,l1,ls € N can be chosen arbitrarily to achieve different points in the stability
region.

Remark 7.4.1. The sensing and control schemes presented above for scalar sys-
tems can be applied to vector systems using the time sharing approach of mode
by mode transmission proposed in Chapter [ for stabilization of multi-dimensional
plants over Gaussian channels. In this time sharing scheme, the sensor transmits
only one component of the state vector at each time step such that the state com-
ponents corresponding to more unstable states are transmitted more often. Thus,
channel is time shared between different state components according to their level
of instability.

7.4.3 Achievable Stability Regions

We now present the stability regions that can be obtained by employing the pro-
posed sensing and control schemes.

Theorem 7.4.1. The two scalar LTI systems in (7)) with A; = \; can be mean
square stabilized over the given Gaussian interference channel using MMSE based
scheme if

(7.9)

1 P(l+c+2p*)+N
1og<|Ai|><5log< (+ o+ 2p7) + )

P (1—p*)+ N

where p* is the largest among all the roots in the interval [0, 1] of the following two
fourth order polynomials

f1(p) == p* + azp® + azp® + a1p + ao, (7.10)
fa(p) := p* +b3p® + bap® + bip + b,

where
o= N 4y = —o— N+ cp:)
2cP’ 2¢2P
N(1+2¢®+2cp,) N2
“=- 2¢3P - 3p2
N(2¢—py) 2¢°P +2P+ N
a0 =1+ 2e3P bs = 2cP ’
b _ Np. b __(1+02)_N(1—|—2pz—202)
27 ocp M c 2¢3 P ’
b N(2¢ — p2)
0= - 243p

Proof. The proof is given in Sec. [[.811 O
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Theorem 7.4.2. The two LTI systems in (1) with A; = \; can be mean square
stabilized over the given Gaussian interference channel using optimized scheme if

log (|\s]) < mgx—%log (1 + k2 (P (14 2+ 2cp) + N) — 2kv/P (1 + cp)) (7.11)

where k € RY and p is the unique root in the interval [0, 1] of the following quadratic
equation:

P’ +Bp+y=0, (7.12)
e ) B /P
. 2(kvVP—1)"+k*(2c"P+N . k2sz .
b=y V= s ey T L ENps <2V P(L—kVP),

_ E*N _ k*Np. 1 _
and 3 = 2PV P1) N = VP (I P-1) 1if kNp, > 20\/1_3(1 k;\/ﬁ)
Proof. The proof is given in Sec. O

Remark 7.4.2. It is shown in Sec. 78 that the MMSE based scheme is a special
case of the optimized scheme, therefore, if a plant is stable under the MMSE based
control scheme then it is also stable under the optimized control scheme but the
reverse is usually not true.

Theorem 7.4.3. The two LTI systems in (1) with A; = \; can be mean square
stabilized over the given Gaussian interference channel using a TDMA scheme if

1 P
log (|A1]) + log (| A2]) < Elog <1+N> . (7.13)

Proof. Following the same steps as in the proof of Theorem [Z.1] we can obtain the
following sufficient conditions for mean square stability under the TDMA scheme.

l P

log (|A1]) < 2_1l log (1 + N) , (7.14)
l P

log (|A2]) < 2—21 log (1 + N) . (7.15)

The conditions (ZI4]) and (ZI4)) imply the condition (TI3)) because the parameters
l,11,12 € N can be chosen arbitrarily. O

7.5 Optimality of Linear Policies

The problem at hand has a non-classical information structure, where there are four
decision makers (two sensors and two controllers). It is well-known that for such
problems linear policies are not optimal in general. As an example, we discussed
the Witsenhausen problem [Wit68] in Section [[3] in which there are two decision
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makers and linear policies are shown to be sub-optimal. In the following we give
some special cases where linear memoryless policies are actually optimal for mean-
square stabilization over the Gaussian interference channel.

Proposition 7.5.1. The MMSE based linear memoryless scheme is optimal for
mean-square stabilization over the given symmetric Gaussian channel if p, = 0,
c<1, and P = %

Proof. If we substitute p, = 0, P = %, and p; = ¢ in (Z40), then after
some algebraic simplifications we have p;11 = —sgn(pt)c which implies p* = ¢. By
evaluating (Z9) for p* = cand P = %, we get the following sufficient condition
for stability under the MMSE based scheme:

1 3+ c?
1 ; =1 . 1
ox(|A) < 5oz (175 ) (7.16)

Now consider the necessary condition for stability given in (Z4]). It can be shown
that for p, =0, P = %, the term on the RHS in (T4]) is maximized by choosing

(-
p = c and the necessary condition is then given by

3+ c?
log(|A1]) + log(|A2]) < log (102) . (7.17)
The necessary condition in (ZI7) coincides with the sufficient condition in (Z.I6)
for a symmetric setting with |[A1] = |Az]. O

Proposition 7.5.2. The MMSE based linear memoryless scheme is optimal for
mean square stabilization over the given symmetric Gaussian channel with noise
correlation p, = 1 if the initial states of two plants are fully correlated or anti-
correlated, i.e., pg = 1.

Proof. For this special case with pg = 1, we modify the initial transmission phase
discussed in Sec. [.8]] where the sensors transmit initial states {X{}, X3} in al-
ternate time steps. Instead suppose that both sensors transmit their initial states

simultaneously as S} = 1/%)(& and S? = P_Xx2son(pp). Tt is trivial to show

Q2,0

that after this initial transmission, {X{, X7} are zero mean Gaussian distributed
when p, = 1. Furthermore, p; = 1 if pg = 1 and p; = —1 if pg = —1. Following
the transmission scheme given in Sec. [[L81] for the remaining time steps, we get
|pt] = 1 for all ¢. By substituting p* =1 in (T3] we get

P(1+ c)2> ’

5 i=1,2,

1
log(|As]) < 5 log (1 +

which coincide with the necessary conditions given in (7.2) and (T3). O
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Proposition 7.5.3. The optimized linear memoryless scheme is asymptotically
optimal for mean-square stabilization over the given symmetric Gaussian channel
if the noise correlation p, = —1.

- . _ 1 - _
Proof. In the optimized scheme if we choose k = WL then for p, = —1 the

recursion of the state correlation coefficient in ([C40) simplifies to pry1 = —sgn(pt).
This implies p* = 1. Now, for k = m and p* = 1, the sufficient condition in

([T9) becomes

1 P(1+c¢)?
log(|Ai]) < 5 log (%) i=1,2. (7.18)

By comparing the above condition with the necessary conditions in (Z.2) and (Z3)),
we observe that the gap between the sufficient and necessary conditions approaches
zero as ¢ goes to infinity. O

Proposition 7.5.4. The MMSE based linear memoryless scheme is optimal for

mean-square stabilization over the given symmetric Gaussian channel if the noise
2

correlation p, =1 and 2¢(1 + S£) < 1.

Proof. 1t is shown at the end of Appendix [Z.C] that p* = 1 when p, = 1 and
2

2¢(1 + S£) < 1. By substituting p* = 1 in (Z9) and comparing with (ZZ), we

observe that the scheme is optimal for this special case. o

7.6 Numerical Results and Discussions

The stabilizability of the plants depends on the interference channel parameters
such as average transmit power P, noise power IV, noise cross-correlation p,, and
cross channel gain c. Therefore, it is interesting to study the effect of these channel
parameters on the behavior of the two systems under our proposed schemes and gain
further insight on how good these linear memoryless schemes are. In this section,
we investigate stabilizability of the two plants under different values of noise cross-
correlation and cross channel gain with fixed transmit and noise powers.

In Fig. [[2-Fig. [ we fix P =20, N =1, p, € {—1,0,0.5}, and plot achievable
stability regions for symmetric plants (JA\1| = |A\2]) as functions of interference pa-
rameter ¢ according to Theorem [.4T] Theorem [.42] and Theorem For the
sake of reference we also plot the outer bound on achievable stability region using
Theorem [Z.3.T] We observe that the proposed linear memoryless schemes perform
quite close to optimal in low to moderate interference regimes. The optimized con-
trol scheme always outperforms the other two schemes. For p, = —1, the optimized
scheme seems to be optimal for all the values of cross-channel gain ¢ according
to Fig. We have already shown in Proposition that optimized scheme
is asymptotically optimal when p, = —1, however, it might be that it is exactly
optimal as indicated by Fig. It is interesting that under the proposed schemes
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Figure 7.6: P =20, N =1, ¢ = 100.

stabilizability significantly improves as the interference gets very strong. This result
is in line with already known results in information theory, where it has been shown
that the transmission rates over interference channel can be significantly improved
in the presence of very strong interference [Sat81]. One reason for this is that the
state processes of the two plants become highly correlated in strong interference
scenarios due to dominant cross talk. Furthermore, we observe an increasing gap
between the optimized scheme and the MMSE based scheme as the interference
increases beyond certain threshold. This indicates that the conventional MMSE
based control strategy can be quite inefficient in multi-sensor multi-controller set-
tings, even when the sensors are restricted to be linear.

In Fig. and Fig. we fix P = 20, N = 1, and plot achievable stabil-
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ity regions as functions of noise correlation p. for a moderate cross-channel gain
(interference) ¢ = 1 and a high cross-channel gain ¢ = 100, respectively. In these
examples, stability region reduces by increasing p, from -1 to 1. For anti-correlated
noise variables i.e., p, = —1, there is a dramatic boost in the stabilizability. A
similar behavior was observed in [GLWI10]|, where the authors showed that the
sum-rate capacity over symmetric Gaussian interference channel can be doubled
with feedback in high SNR when the noise components are anti-correlated.

7.7 Necessity Proofs

In order to prove conditions (T2) and (73], we make use of the following Lemma.

Lemma 7.7.1. The i-th linear system in (1) can be mean square stabilized over
the Gaussian interference channel only if

7-1
o1 i
log (|det (4;)]) < l’ll’ni}o%f T tE ) (Xt7Rt|R[Ot 1 ) (7.19)

where I (X,S,R’|RO i1 ) denotes mutual information between state variable of the

i-th plant state X{ and the received variable R:, conditioned on the sequence of
received variables Rfo ta-

Proof. The proof can be found in Appendix [.Al O

In the following we obtain an upper bound on the term Zth'é (XZ, R,5|R[O . 1])

and then use Lemma [[.7.1] to derive the necessary conditions given in (7.2) and
(73)). The directed information can be bounded as,

T—1 . . ) (@) T—1
ZI(XZ%RﬂRfo,t-u) < ZI( 0.0 Rt Rio 1. 1)
t= t=0

I( [0,7— 1],Rf0,T—1])

I(SOT 1 Sjo.r-13 Rlo.r— 1])

A
INS

,\
INe

() {515
@ h (R[OT 1]) h (Z[iO,T—l])
© 3 [h (RﬂRfo,tfu) —h (Zf)}
t=0
05 i) - h (2]

~+
Il
o
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(]

K= log (1 P AP+ QCﬁtP)
= L2

t=0 N

log (1 + P(lTJFC)Q> , (7.20)

)

INT
TR

where (a) follows from the Markov chain X} — {S[io,t]v Rfo,t-u }— RS (b) and (c) follow
from the fact that adding more variables cannot decrease mutual information; (d)
follows from R} = S}+ ¢S} + Z} and mutual independence of { Z}, Z2} and {S}, S?};
(e) follows from the assumption that ZEO,T-l] is a sequence of independent variables;
(f) follows from the fact that conditioning reduces entropy; (¢g) follows from

h(Z}) = % log (2meN),
h(Ry) < % log (2me (P + 2P + 2¢, P))

where equality holds if we assume Gaussian distributed variables since the Gaussian
distribution maximizes differential entropy for a given variance [CT06, Theorem
8.6.5]; and (h) follows by the maximization of the RHS of (j) subject to —1 < p; <
1 for all ¢t. The maximum value is attained by choosing g, = 1if ¢ > 0 and g, = —1
if ¢ < 0. Now by using (T20) in Lemma [T}, we get the necessary conditions for
mean square stabilization given in (T.2)) and (7.3)).

In the following, we derive the necessary condition (4] using a genie-aided
bound approach [ST09]. Consider a superior system where the controllers have
some side (extra) information. We define Y} := ¢S} + Z} for i # j and assume
that at any time t, the i-th controller has access to Y[é,t] in addition to Rio, "
In the following, we obtain a necessary condition for mean square stabilization of
this superior system. Note that a condition which is necessary for the stabilization
of this superior system is also necessary for the stabilization of the actual system.
Similar approaches have been used in information theory community to derive outer
bounds on capacity regions [GC82[ST09]. We will again use Lemma [T Tl to derive
a necessary condition for the superior system. The following lemma reveals some
functional relationship between different variables in the superior system, which
will be useful in the derivation of the necessary condition.

Lemma 7.7.2. For the superior system with side information Y; := hS! + Zi at
the i-th controller, we have the following relationships for alli,j € {1,2} andi # j:

th' = AfXé + ﬂi (Rfo,t-u) ) (7.21)
SZ = I/ti (Xé, }/’[‘é‘i_l]) 9 (722)
St = vt (X6, Rig,i)) - (7.23)

where pi: R - R, vf : Rt - R, and vi : Rt — R.
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Proof. The proof is given in Appendix [Z.Bl O

The term ZtT;()l I (X,f; R§|Rf0 t_1}> can also be written as,

T—1
Z (XfaRl|R[o ¢ 1])
t=0

T-1

h <X§|Rfo,t-1]) - (XZ|R[0 ¢ )

1

(ORI
M7 I

h (A;;Xé + (Rfo,t-l]) |Rf0,t-1]) —h (AﬁXé + 1 (Rfo,t-l]) }Rfo,t])

~+
Il
o

T—

J

B (ALXG Rl ) = b (ALK R )

t=

I (Ath» [OT 1])
®

=1 (X07 [0 T-l]) ) (7.24)

(=)

where (a) follows by substituting X} from (Z21)); and (b) follows from the fact that
A; is invertible and the mutual information between two variables is invariant with
respect to any reversible transformation of one of the variables [Gal68, Page 31].
Now by using (724) in Lemma [[77I] the i-th plant can be mean square stabilized
only if

1og(|det(Ai)|)<hm1nfTI (XO, o 1]) (7.25)

T—o0

Thus, the two plants can be mean square stabilized only if
log (|det (A1) |) + log (|det (A2) |)

(@ 1
< liminf 1 (X8 Rlozy) + lim inf I (X3 Rpr)

T—o0
< Jimint % { (XO,R[O . 1]) 41 (Xg; R[207T_1]>} . (7.26)

T—o0

where (a) follows from (T.25)) and (b) follows from the fact that limit inferior satisfies
superadditivity. We can now bound the sum [ (XO ; R[O T 1]) +1 (XO ; R[o - 1])

I (X(%;R[IO,Tfl]) +1 (XO’R[OT 1])

(<)I(XO7R[OT 1 Yo 1]aXo>+I(X07R[0T 1])
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2 I (Xol;R[lo,T—l]a}/ié,T—l]}XOQ) +1 (XOQ;R[20,T—1])

© h (R[10,T-1]7Y[t1),T-1] |X3) —h (R[IO,T—I]’Y[é,T-l] ‘XOI’ Xg) +h <R[20’T'1])

—h (R[QO’T_H \Xg) , (7.27)

where (a) follows from the fact that adding side information cannot decrease mu-
tual information; (b) follows from the assumption that X} and X2 are mutually
independent; and (c) follows by writing mutual information in terms of differen-

tial entropies. The differential entropy h (R[lo 1) Y[(lJ 1] |X¢, Xg) in (T27) can be
simplified as

h (R[IO,T-l] ’ Y[S),T-l] |X01a XOQ) = Z h (R%a Yt1 |X01a XOQa R[lo,t—l] ’ Y[é,t—l])

=Y h(Z,27), (7.28)

where (a) follows from (T22); (b) follows from R} = S} + ¢S? + Z} and Y,! =
eSt + Z2; and (c) follows from the fact that the channels are memoryless. The

entropy term h (R[QO 7-1) |X02) in (CZ17) can be expressed as

=

h (R[20,T-1]|X§) = 3

(]

h(RIXE, )

~+
Il
o

3
=

a

= h (St2 + Y| X3, R[20,t-1]’ S[Qoyt])

=

~
(=)

S
|

h <Yt1|X027 R 41 S[Qo,t])

o~
3
Lo

IS

h (Ytl X5, R 111 St Y[é,t—l])

ST
= o

—
o
N

O3 n (YHXE V) = b (Vb IX3) (7.29)

~
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where (a) follows from R? = S? + Y,! and ([Z23); (b) follows from Y,! = R? — SZ;
and (c) follows from R? = S? + Y,! and (T.22Z). We can now re-write (IZZZD as,

I(XO,R[OT 1]) +I(X07R[OT 1])

( ) T-1
(R[o T-1)5 Y[(l),T-1]|Xg) Z h(Z,,2;) +h (R[o T-1 ) —h (Y[(l),T-l]|X§)
t=0
T-1
=h (R 0,T- 1]|Y[(1J,T-1]7Xg) +h (R[QO,T-I]) - h(2}2Z7)

t=0

T-1
©h (Ro T-1 |Y[(1),T_1]aX027 S[20,T-1]) (R[o T- 1]) - h(2,77)
t=0

1

—~
Q
<
N
|

[n (RY SP) + b (RE) =R (2;, 2¢)]

IN

~
(=)

4= |1 P (14 ¢+ 2cpy)
< -1 1
5 o 222

) N(1=p2) +P(L+c=2ep:) (1= pf)
+1og< (1—p2) (P2 (1—p}) + N) )]

(e) T2 1 P(1+c+2cp;)
< —1 1
- — ogﬁél l2 08 + N

+log <N(1 —p2)+P (14 —2ep.) (1 —pg)ﬂ

—

=
S|
=

(1= p2) (Pe* (1= pf) + N)

T P(1+02+2cp)
—ag&b%@+——7r——

+log <N(1p§)+P(1+c220pz) (1P2)>}7 (7.30)

(1=p2) (P (1-p*)+N)

where (a) follows from ([Z28)) and ([Z29)); (b) follows from (T22)); (¢) follows since

conditioning from reduces entropy; and (d) from

h(Zt, 72) = log ((27re)2N2(1 - pg)) , (7.31)
log (2e (N + P (1 +¢* +2¢py))) (7.32)

v ey o L (o NI ) EPN (14 2ep) (1= 4})
h (R, SE) < 3 <27re PEd A TN , (7.33)

[\9|Hv

h(R}) <
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where the computation of (T3] follows from the assumption that noise variables
are Gaussian and the inequality (32) follows from the fact that the Gaussian
distribution maximizes differential entropy for a given variance. The inequality
([T33) is obtained as follows. We first bound the conditional variance of R} given
(V! S¢) as

Var [R}|Y;", S7]

<E[(R)?] - E[RI(Y,SH]E [, SHT (Y, SO [R(Y, SP))T

N (1 — p§)+P (1 + 0272cpz) (1 — pf)

- (1= p2) (Pe* (1= p}) + N) ’
where the equality is achieved with multivariate Gaussian distribution. Further we

know that the Gaussian distribution maximizes entropy for a given variance, which
gives the inequality ([C33]). This completes the proof.

(7.34)

7.8 Sufficiency Proofs

In order to prove Theorem [ 4.T]land Theorem[.4.2] we find conditions on the system
parameters { A1, A2 } which are sufficient to mean square stabilize the system in (7.1])
under the sensing and control schemes proposed in Sec. [[4l

7.8.1 Proof of Theorem [7.4.1]

The control and communication scheme for the interference channel works as fol-
lows.

Initial time steps, t =0,1

Similar to the schemes for all the channels (point-to-point, relay, broadcast, MAC)
studied in the previous chapters, we perform an initialization to make the plants’
states Gaussian distributed. In this initialization phase, the two encoders transmit
the observed state values in alternate time slots to the respective controllers. The
first two disjoint transmissions in time make the plants’ states Gaussian distributed
regardless of the distribution of their initial states, which will be explained shortly.
However, if the initial states are already Gaussian, then the following disjoint initial
transmissions are not needed.

At time step ¢ = 0, the encoder &; observes X} and transmits S} = a]:o X3.

The encoder &> does not transmit, i.e., S3 = 0. The decoder Dy receives R} = S¢+
Z3. Tt then estimates X} as
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The controller C; then takes an action Uj = f)\lX(} for the plant 1, which results in
X} = M (X{ - X¢). The state X{ ~ N(0, 1,1) with a1 = A7259% The controller
does not take any action for the plant 2, therefore X12 = )\QXOQ with ap 1 = )\gag,o.

At time step t = 1, the encoder &£ does not transmit any signal. The encoder &

observes X7 and transmits S7 = , /-2~ X7. The decoder Dj receives Rf = S+ Z7.

It then estimates X7 as
5 Q21 o
Xi=,/—"R
1 P 1

21
=X? +’/TZIQ'

The controller Cy then takes an action U7 = —AoX 2 for the plant 2, which results
in X3 = A\o(X? — X?), where X3 ~ N(0,az,). For the plant 1, the controller does
not take any action U]l = 0, therefore X2 = A\ X{ and XJ ~ N (0, a1 2).

It is noteworthy that due to non-overlapping initial transmissions by the two

encoders, the states XJ and X2 are now zero mean Gaussian variables with cor-
E[X; X3
Vaiz0z2
transmit their signals simultaneously.

relation coefficient py = equal to zero'. Henceforth the two encoders will

Further time steps t > 2

The two encoders £ and &> observe th and Xt27 and they respectively transmit

P
1 1
—X;,
Qg t

A
I

P
S7 = a—stgn(pt),

’

E[(X] —E[X]))(X?-E[X]])]

where p; = and sgn(p;) = 1if p, > 0 and sgn(p;) = —1 if
pr < 0.
In accordance, the decoder Dy receives R} = S} + ¢S? + Z} and the decoder Dy

receives R? = S?+ ¢S} + Z2. The decoder D; then computes a memoryless 2 MMSE

1The states in the second time step become uncorrelated irrespective of the value of the
correlation between the initial states. This scheme does not exploit correlation between the initial
states and thus the stability region obtained is independent of the correlation of the initial states.

2The memoryless estimator is not optimal since the channel outputs are correlated. Therefore
we expect that an improvement might be possible if we use full memory in the estimator. However
the analysis becomes complicated by considering full LMMSE estimation.
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estimate of the state of the plant ¢ as
X{ = E[X]|R]
(@ E[R{X]]
E |(Ri)’]

where (a) follows from the fact that the optimum MMSE of the Gaussian variable
is linear [Hay96]; and we have

R, (7.35)

E [X!RY] = /Pars (1 +cloel)
E[X7R}] = \/Paa (1+ clpi]) sgn(pr),
E[(R{)?] = P(1 + ¢* + 2¢|p|) + N. (7.36)
The controller C; takes an action U} = ,)\Z_Xti for the plant 4, which results in

X =N(X] - X/). The mean values of the states are
E[X(,] =E [ (Xi - X))

(@) . E[RX]] ]
2 \E [XZ _ 2] pi

bOE[(R)Y
®)

20, (7.37)

where (a) follows from (Z.35); and (b) follows from E[X}] = 0 and by recursively
using (a). The variance of the state X}, is given by

Q41 = E[(XZ+1)2]

) 71\2
2 (e - G (7.38)

By using (736) in (7.38) we get the following recursive equations

P (1—|p]?) + N
Qi t41 = ai,t)\? ( ( L ) ) (7.39)

P(1+c+2c|p|) + N

The cross-correlation coefficient p; between the two state processes for all ¢ > 3
is given by

Pop1 = EX{ 0 XP0] ( ) (Xz 7)22)}
VOLt+1002 441 \/041 t+102, t+1 ’ ’

(a) Ao E[X;RIE[X?R}] E[X?R{E[X]R;]
ﬁm@m@“X] E[(R)7 B[R}
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E[X{ R JE[X?RY|E[R] R}]
E[R}|E[R}]

OV CTRIEN I (A o Psgnlpe) (e + lpe]) (1 + clpe])
Q14102141 P(1+c%+chlp|) + N
P%mmﬂrawmﬂkp+mmm+w%+Nm»

(P(1+ ¢ +2¢cpi|) + N)°
c P(1+c®+2c|pi]) + N P(c+ 1+c
<%@@”(< lpil) )XQM_Q (c+ Ipi)) (1 + clpil)

B P (1= [p) + N P(1+c+2cp]) + N
P (1+clpi])® (2¢P + Plpe] (1 + ) + sz)>

(P(1+ 2+ 2c|ps|) + N)?

(d)
=:g(p)sgn(pe), Vi =2, (7.40)

where (a) follows from

B =
201y _ EXPRUELX)R)]
R 5 T E
o1 ¢2 _ E[X/ RIE[X? RY|E[R] RY]
B = TR (741
(b) follows from
E[X; Rf] = \/Pay(c+ |pd),
E[X7R;] = \/Pas(c+ |pi|)sen(pr),
E[R} R?] = 2¢P + Plp|(1 + ¢*) + Np, (7.42)

(c) follows from (L39); and (d) follows by defining g(p:).

Now we wish to find conditions on the parameters {A1, A2} which ensure mean
square stability of the two systems in (1)) over the given white Gaussian interfer-
ence channel. In order to find the values of the parameters {1, A2} for which the
variance of the two state processes given by (Z39) can be made equal to zero as
time goes to infinity, we make use of the following lemma.

Lemma 7.8.1. For the recursive equation in (CAU) there exists at least one
p* € [0,1] such that if |p:| = p* then |piyx| = p* for all k > 0, where p* is a
root of one of the two polynomials {f1(p), f2(p)} given in (LIQ). Further, if p* is
a root of fi(p), then pryx = (=1)*p*, and if p* is a root of fa(p), then piy) = p*
for all k> 0.
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Proof. The proof can be found in Appendix [.Cl O

If we modify our encoding scheme such that ps becomes equal to p* instead of
zero, then |p;| will be equal to p* for all ¢+ > 2. This modification® in the encoding
scheme can be done as follows. Suppose in the initial transmissions (i.e., t = 0,1)

the two encoders transmit S = Ofo X} +m and S = alef -+ m, where m

is a Gaussian variable with zero mean and variance o2,. In this way ps can take on
any value between zero and one by varying o2,. Thus, by choosing o2, such that

p2 = p*, we can rewrite (Z39) as

e P e+ N
Qi 141 = QG tA; P(]. +02 + 26/);) + N

t—2
Pc? ( — p*2) + N
=i [ N2 ¢ . 7.43
a’2<1P(1+02+20pf)+N ( )

Although in the modified encoding scheme we have violated the average power
constraint for the first two transmissions, its effect can be neglected for infinite
time horizon. We observe from (Z43) that «; s — 0 as t — oo if

(AQ PAE(1—p?) + N ) o

"P(1+c242cpf) + N

(7.44)

1 P(l1+c+2cp*)+N
ﬁlog()\i)<§1og< ( p) ),

P2 (1-p*?)+ N

for i € {1,2}. The term on the right hand side in (T.44)) is a monotonically increasing
function of p*, therefore we choose p* to be the largest among all roots in [0, 1] of
the two polynomials {f1(p), f2(p)}. This completes the proof of Theorem [(ZT]

7.8.2 Proof of Theorem [7.4.2]

The proof of Theorem follows the proof of Theorem [[ZT] since the transmit
strategy in the optimized scheme is exactly the same as in the MMSE based scheme.
The two schemes only differ in the control strategy. Therefore the expectations given
in (730) and (742) are also valid for the optimized scheme. The variance of the

3At this point we modify the encoding scheme in order to artificially guarantee convergence
of pt to a fixed point. Numerical experiments suggest that p: always converges to a fixed point
starting from an arbitrary p2, and this fixed point is unique.
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state X} 11 under the optimized scheme is given by
a1 = EB[(X],,)7]
=E|[(nX{ +07)’]
= NE |(X)’] +E[(U])°] + 20 [(X[U))]
= \a, (1 k2 (P (142 +2dpi) + N) — 2kVP (1 + c|pt|)) . (7.45)

where the last equality follows from (1) and (Z30]). The cross-correlation coeffi-
cient p; between the two state processes for all ¢ > 3 is given by

_ E[X151+1Xt2+1]
P+l = —————
O 4102 t 41
A
@__Mr g (th —k /—alth%> <Xt2 — k. /—al,tsgn(pt)ﬁ)
VO tH102 41
MA
= — 22 R|X!X?— kazsen(p) X} R? — ka1 X2 R}

O 41002 t 41

+ k2, /al,tausgn(pt)R%Rf

(b) a0,
= Sgn(ﬂt)h)\z\ / ——Lt 2t <|Pt| + E*P (|pe| + ¢ |pe] + 2¢)
Q141002 t41

VP (c-+ o) )

© (o) (Iptl + k2P (|pe| + ¢|pe| + 2¢) + k*Np, — 2kvV/P (¢ + |pt|))
= sgn{p¢

(182 (P (1+ ¢ + 2lpr]) + N) — 263/P (1 + clpi]))
=:sgn(pt)g(pt) (7.46)

where (a) follows from (T7); (b) follows from (42)); (¢) follows from (T4H); and
(d) follows by defining g(p¢).

Now we wish to find conditions on the parameters {1, A2} which ensure mean
square stability of the two systems in (1)) over the given white Gaussian interfer-
ence channel. In order to find the values of the parameters { A1, A2} for which the
variance of the two state processes given by (43) can be made equal to zero as
time goes to infinity, we make use of the following lemma.

Lemma 7.8.2. For the recursive equation in ([40) there exists at least one
p* € [0,1] such that if |pt] = p* then |piyi| = p* for all I > 0, where p* is a
solution of the quadratic given in (TI2).
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Proof. The proof can be found in Appendix O

Like the proof of Theorem [.Z.]] we can modify our encoding scheme such that
p2 becomes equal to p*, then |p;| will be equal to p* for all ¢ > 2. This modification
in the encoding scheme can be done as follows. Suppose in the initial transmissions

(i.e.,t = 0, 1) the two encoders transmit S = , /%Xol—i—m and §? = /L= X?4+m,

Qg1

where m is a Gaussian variable with zero mean and variance o2,. In this way po
can take on any value between zero and one by varying o2,. Thus by choosing o2,
such that pa = p*, we can rewrite (Z4H) as

Qi1 = QA2 (1 FR2 (P (142 +2c)p*]) + N) — 26VP (1 + c|p*|)) . (747)
We observe from (T.47) that o;y — 0 as t — oo if

A2 (1 + k(P (14 +2cp*|) + N) = 26VP (1 +C|P*|)) <1

1 1
= log(\; <—log< >
) 2 14+ k2 (P (14 ¢+ 2clp*|) + N) — 2kvVP (1 + ¢|p*|)

(7.48)

We have that for any choice of k£ € R4 in the control functions, the two plants
are mean square stable if (748 is satisfied. In order to maximize achievable sta-
bility region, we maximize the RHS of inequality in (T48]) over the design param-
eter k € RT. This completes the proof of Theorem [LZ2l Note that if we choose
k= %, then the optimized scheme becomes equivalent to the MMSE

based scheme. Therefore the optimized scheme performs at-least as good as the
MMSE based scheme.

7.9 Conclusions

We have derived necessary as well as sufficient conditions for stabilization of LTI
plants over a symmetric Gaussian interference channel. Sufficient conditions are
obtained by employing linear memoryless sensing and control schemes. We showed
that linear memoryless schemes perform quite well over a large range of system
parameters. In some special cases they are exactly optimal or nearly optimal. We
introduced an optimized linear scheme, in which the controllers can be optimized
to maximize achievable stability region. This scheme always outperforms the con-
ventional MMSE based (minimum variance) controller. MMSE based scheme can
be quite inefficient in strong interference, as we observed an increasing gap between
achievable stability regions of the two schemes as a function of cross-channel gain.
This shows that MMSE based control scheme are not suitable for multi-terminal
setups, unlike point-point Gaussian channels where it is actually optimal to use
MMSE based scheme. Moreover, we also observed that TDMA based transmit
scheme is very inefficient for stabilization in multi-plant multi-controller settings.
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The necessary and sufficient conditions derived in the chapter reveal relation-
ships between stabilizability and interference channel parameters such as transmit
power, channel noise power, interference power, and correlation between the noises
at the two controllers. From these relationships, we made some interesting observa-
tions: stability region significantly enlarges as the interference gets very strong. At
high interference, the state processes of the two plants become highly correlated and
thus the two sensors start cooperating by transmitting correlated outputs. More-
over, we have observed that cross-correlation between the noise variables at the two
controllers can significantly effect stabilizability. Negative correlation usually helps
and positive correlation hurts.

The stability results provided in this chapter can be extended for non-symmetric
interference channel using the proposed schemes with further computations. One
can also extend results for a setup where the links from the controllers to the plants
are also white Gaussian communication channels. For this setup we can have an en-
coder at each control unit to encode the control action and a decoder at each plant
to decode the transmitted value of the control action. As long as the encoders,
the decoders, and the controllers are linear, the nature of the problem does not
change and the stability results can be obtained cf. [YB11]. For future studies, an
interesting step would be to find an optimal linear controller for the given problem.
In particular, it would be interesting to find out how much improvement can be
obtained by employing memory in the transmission and control schemes. Another
interesting direction for future research would be to study LQG control problem
in Gaussian interference networks. Clearly, one expects that estimation based con-
trollers would be even worse for LQG control problem. It would be interesting to
see the effect of the interference level on the quadratic cost. Can we achieve lower
cost in the high interference regime similarly as we observe an improved stability
in the high interference regime in this work?

Appendix

7.A Proof of Lemma [T.7.1]

The proof of Lemma [Z.7.1] follows from the same steps as the proof of Lemma 2.2.1]
however, with minor differences due to zero process noise and the presence of two
plants. Consider the following series of equalities:

T-1

ZI (Xg; Rimfo,t-l]

t=0

"ﬂv

1
=7 (Xé;Rg) + I (Xg;RﬂRfo,t-l])
t=1
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I (Xé;Ré) + (h (Xti|Rfo,t-1]> - (XZ|R[0 t ))
h(A Xty +UL 1|R[0t1]) (X1|R[Ot>) +1 (X3 R)

log (|det (4:) ) + b (X{1[ R .0y) = b (X[ Rjg ) ) + T (XE: RY)
= T'log (|det (A;) |) + h (X8|R6) - (XT 1|R[o T-1 ) +1 (XééRé)

= 1 (X§) + (T = D)log (det (4:) ) = b (Xiu1 | Rfg 1oy ) - (7.49)

where (a) follows from the definition of directed information [Mas90]; (b) follows
by writing mutual information in terms of differential entropies; (¢) follows from
[I); (d) follows from the fact that for a matrix A and a random variable X, we
have h (AX) = h(X) + log (|det (4) |) [CT06, Theorem 8.6.4, (8.71)]; Using ([Z49)
the directed information rate is given by

o 1 i i
lim 1nfT_>oo?I (X[O,T-u - R[O,T-l])

= lim infT%oo% ((T —1)log(|det (4;)|) +h (Xé) (XT 1|R[o T-1 ))

(a) . 1 i ;
2 log (|det (4;)|) — lim sup Th (XT_1|REO,T_1])
T—o0

()

> log (|det (4;)|) — lim sup  log ((2re)"| K1)
T—o0 T

— log (|det (4;)]),

where the inequality (a) follows from h (X{}) < oo; and (b) follows from the fact
that for a mean square stable system there exists a matrix K > 0 with A; < K for
all t. Further, we know that for a given covariance matrix K the differential entropy
is maximized by the Gaussian distribution.

7.B Proof of Lemma

Consider the following series of equalities

Xi, Y Axi+U

(b) At+1XO+ZAt kU'L
k=0
t

= ATUXG + Y Abw (Rl ) (7.50)
k=0
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t
= A§+1X3 + Z A’%r,g (SM + Y[B,k]) , (7.51)
k=0

where (a) follows from (I)); (b) follows by recursively applying (a); (Z50) follows
from U} = 7} (Rfo,t]); and (Z51) follows from R: = Si+hS} +Z} and Y; = hSi+7Z]

for i # j. From (T50) we see that X} = ALX{ + pl (Rfo,t-u)a where pi : R — R.
Since S} = f} (X[i(),t]) and X} = ALX{+ul (Rfo,t-u) , we have S! = 0! (Xé, R} ),

[0,¢-1]
where v} : Rt — R. Moreover, S} can also be written as

St=fi (X[io,t])
(@) gz' (Xé, S[io,t—l]’Y[éat—l])

®) i vi i
= (X07Y[0,t—1]) 5 (7.52)

where (a) follows from (751) and by defining g : R?*"! — R; and (b) follows from
recursively applying (a) and by defining v} : Rt — R.

7.C Proof of lemma [T.8.1]

Consider the recursive equation ps11 = sgn(p:)g(p:) given in (CA0). Based on g(p)
we define two polynomials {f1(p), f2(p)} as,

fi(p) == li(p+g(p)),
f2(p) = la(=p +g(p)), (7.53)

where [; and [y are two non-zero scalars chosen such that the leading coefficients of
the two polynomials are equal to one, i.e., f1(p) and f2(p) are monic polynomials.
With some algebraic manipulations, these polynomials are given in a simplified form
in (CI0). Suppose that there exists at least one p* € [0,1] which is a root of one
of the two polynomials {f1(p), f2(p)}. (In other words we are assuming that there
exists at least one p* in the interval [0, 1] which is either a solution to —p = g(p)
or a solution to p = g(p).) Then if at any time |p;| = p* and p* is a root of f1(p)
or fa(p), then will we have |pi4| equal to p* for all k£ > 0. If p* is a root of fi1(p)
(or a solution to —p = g(p)), then psy = (—1)%p*; and if p* is a root of fa(p) (or
a solution to p = g(p)), then p;yr = p* for all k > 0. Therefore in order to prove
Lemma [T.8T] we need to show existence of a root in the interval [0,1] of at least of
one of the two polynomials {f1(p), f2(p)}.

We first consider the polynomial f1(p). Since f1(p) is a continuous function, it
will have at least one root in the interval [0, 1] if it changes sign within this interval.
That is at least one root exists in [0, 1] if we have either {f1(0) > 0, f1(1) < 0} or
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{f1(0) <0, f1(1) > 0}. By evaluating f1(p) for p =0, 1, we get

_ N(2h —p.)
AO)=1+—55p
(1) = _ PN (B?(pz + 1) + 20 (p- +1) (p- +1) + 2N?)
n 2h3 P2 ’
where p, € [-1,1] and P, N, h > 0. For all p, € [-1, 1], we have f;(1) < 0. Further
f1(0) > 0 for —1 < p. < 2h (1+5E), and £1(0) < 0 for 2k (1+5E) < p. < 1.

Therefore the existence of a root of fi1(p) in the interval [0, 1] is guaranteed for all

p: € [-1,2h(1 + MTP)] Since we could not show the existence of a root in [0, 1]
of fi(p) When2pz > 2h(1+ MTP), we now investigate the polynomial f2(p) for all
p. > 2h(1+ L), By evaluating fo(p) for p = 0,1, we get

R0 = (14 M5,

N(1+h)2(pzf1)'

f2(1): 2h3P

We observe that fo(1) < 0 for p, € [—1,1], and f2(0) > 0 for p, > 2h(1 + MTP)
Therefore a root in [0,1] of fa(p) exists when p, > 2h(1 + MTP) Hence we have
shown the existence of a root in the interval [0,1] of at least of one of the two
polynomials for all values of {P, h, N, p.}. Further we observe that f3(1) = 0 for

p» = 1, from which Theorem [.5.4] follows.

7.D Proof of lemma [7.8.2]
We define the following functions based on the recursive equation in (7.44]),

Ji(p) == p+ag(p),
Ja(p) == —p+g(p),

where g(p) is given in (T40]). A value p = p* for which either J;(p) = 0 or J2(p) =0
translates to p = |g(p)|. Now if the recursive function p;+1 = sgn(p)g(p) achieves a
the point p* at time ¢; then |p,1] = p* for all ¢t > ¢1. If p* is root of J1(p) then
pt+n = (—=1)"p*, and if p* is root of Jo(p) then pitn, = p*.

To find the existence of a root, we evaluate the functions {.J;(p), J2(p)} for p =0
and p = 1.

k2Np, + (1 —kVP(1+ c))2

k2N + (1 ~kVP(1 +c)>2

Ji(1) =1+

Y
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k>N (1 - p.)
k2N + (1 —kVP(1+ c))
~ 20kV/P (Wﬁ - 1) + k2N,

k2 (2P + N) + (k\/ﬁ— 1)2'

Jo(1) = —

27

J1(0) = J2(0) = g(0)

It is seen that J1(1) > 0 and J2(1) < 0 for all channel parameters ¢, P, N € R,
p: € [—1,1]. Since J1(0) = J2(0) = ¢(0), it follows that there is always a root

p* € [0,1] in one of the two functions {Ji(p), J2(p)}. If 2ckv/P (k\/]_Df 1) +

k?Np, < 0, then J;(0) < Oand p* € [0,1] is a root of J;. If 2cky/P (k\/F - 1) +

k*Np, > 0, then J5(0) < 0 and p* € [0,1] is a root of J. This leads to the
conclusion that a fixed point p* always exists. Furthermore, with some algebraic
simplifications it can be shown that p* is the unique solution of

P>+ Bp+v=0, (7.54)

(2(k\/ﬁ—1)2+k2(2C2P+N)) 2N p. ]
2av/vr-) T aaveeveor) T RNee <

- - KN o KNps g
2¢v/P(1 — kvVP), and § = VPV | = T (o) 1if kNp, >
2¢v/P(1 — kV/P).

where g =



Chapter 8

Conclusions

ant systems over communication networks. The results were presented in

three main parts addressing several open problems in sensing and control
of LTI systems over various network topologies with different objectives. Although
large networked control systems are the main motivation, we have focused on sys-
tems with fewer components to understand the fundamental principles. An in-depth
analysis have provided us with intuition to guide the understanding and design of
networked control systems. In this chapter we highlight the main findings of the
thesis and provide some directions for future research on this subject.

In parts I and III, we studied mean-square stabilization of LTI systems over
some fundamental abstractions of communication scenarios such as point-to-point
channels, relay channels, broadcast channels, multiple-access channels, and interfer-
ence channels. We derived necessary conditions as well as sufficient conditions for
stabilization over these channels. Necessary conditions are derived using informa-
tion theoretic arguments. Sufficient conditions are derived using delay-free sensing
and control methods that are suitable for delay-sensitive control applications. By
comparing these necessary and sufficient conditions, we realize how good delay-free
policies are in various network settings. In the following we summarize our key
findings. We observed that linear time invariant sensing and control policies are
insufficient for stabilization of a plant even over a scalar point-to-point Gaussian
channel. However a linear time varying scheme is shown to be optimal for stabi-
lization of LTI plants over a large class of vector Gaussian channels, even when the
source channel matching principle does not hold. For a given system and a given
channel, the optimality of the linear policies can be verified by solving a linear pro-
gram. Further, we discussed that a delay-free non-linear time varying scheme policy
is always optimal for stabilization of noiseless LTT plants over point-to-point Gaus-
sian channels. Then we extended our study to stabilization of an LTI plant over
relay networks, where relays are allowed to employ arbitrary transmit policies under
an average power constraint and arbitrary control policies without any constraint.
We considered three fundamental relay network topologies (cascade, parallel, non-

r l 1he thesis considered remote stabilization and control of linear time invari-
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orthogonal) that are building blocks of a more general network. We observed that
delay-free linear sensing and control strategies are asymptotically optimal for a sym-
metric two-hop non-orthogonal relay network, with respect to the number of relay
nodes or the transmit powers at the relays. For a two-hop parallel relay network,
we observed a non-decreasing gap between the sufficient conditions derived using
linear policies and the necessary conditions, as a function of the number of relay
nodes in the network. The gap remains bounded as the number of relays approaches
infinity. A very useful observation is that the delay-free linear strategies become in-
creasingly inefficient for stabilization as the number of hops in a relay network
increases, motivating the need for non-linear schemes with or without memory. Fi-
nally, we studied stabilization of multiple plants over multi-user Gaussian channels
without intermediate relay nodes. We observed that delay-free linear time varying
sensing and control approaches are still good choice for multi-user channels in most
cases, when designed appropriately. In fact in some very special cases, delay-free
linear schemes are exactly optimal. An important observation is that TDMA based
sensing methods and state estimation based control strategies are not suitable can-
didates for stabilization of multiple plants over multi-user networks. We introduced
an optimized delay-free linear control scheme that can significantly outperform the
traditional state estimation (MMSE) based scheme over a wide range of communi-
cation channel parameters. The gap between the stability region achieved by the
optimized scheme and the stability region achieved by the MMSE based scheme
increases as a function of the cross-channel gain (or the interference power).

The necessary and sufficient condition derived in this thesis not only explain
how good delay-free sensing and control policies are in various network settings,
but they also shed light on the relationship between stabilizability of plant(s) and
the communication network parameters. They quantify the effect of channel pa-
rameters (transmit power, noise powers, channel gains, interference) on stability.
For instance, they tell us how communication resources such as transmit powers
should be allocated in the network in order to stabilize the given plant(s). For
parallel networks, we observed that an optimal strategy might be to transmit in-
formation to the remote controller using only on a subset of the available channels.
Similarly in non-orthogonal relay networks, it might be more beneficial to turn
off certain relay nodes than employing an AF (linear) strategy if the information
received at the relays is very noisy. For interference channels, we have made an
interesting observation that interference within the communication network can
actually be useful when the objective is to stabilize the plants. In all network set-
tings, we have observed a close connection between information rates and stability
that can be achieved over a given channel, motivating the use of information the-
ory in understanding the problems in networked control systems. In particular, we
have discussed relationships between unstable modes of the plant and directed in-
formation rates between the sequence of channel inputs (or state variables) and the
sequence of channel outputs. By upper bounding these information rates, we have
derived necessary conditions for stabilization in various network settings. Moreover,
we have also shown that the directed information rates under linear policies can
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characterize sufficient conditions for stabilization.

In Part II of the thesis, we studied how good or bad linear policies are when
the objective is to minimize a quadratic cost function of the state process. We
considered two basic network settings: i) cascade network and ii) parallel network.
For a three node cascade network, we showed that although linear schemes are
person-by-person optimal, they are not globally optimal in general. We proposed a
non-linear transmission strategy based on a three-level quantization function. The
proposed non-linear scheme outperforms the best linear scheme in low SNR regions.
When the channels are very noisy, one intuition on why the proposed non-linear
strategy is superior may be that it does not amplify the large values of channel noise
at its input unlike the linear (amplify-and-forward) strategy. For parallel networks,
linear policies are not even person-by-person optimal. One reason for inefficiency of
linear sensing schemes is that the signals transmitted on the parallel channels under
linear schemes can be highly correlated if the measurement noise powers at the
senors are low. We have proposed a non-linear sensing scheme based on a sawtooth
function that outperforms the best linear scheme by reducing correlation between
the information transmitted on different channels. For the problem of stabilization
over parallel networks, we have observed in Part I of the thesis that delay-free
linear policies are optimal for a large class of plant and channel pairs. However,
this result does not carry over to the case when the objective is optimization (cost-
minimization) and not stabilization. Thus, the sensing and control policies which
are suitable for stabilization over a network, may not be suitable when we have an
optimization (cost minimization) problem. That is, a good choice of sensing and
control scheme should be based not only on the information structure of the system
but also on the system’s objective.

Our quest for understanding open problems related to sensing and control over
Gaussian networks has given rise to several interesting questions and at the same
time made us aware of some very fundamental problems that are still unsolved.
In the following we highlight some important problems that we think would be
interesting to explore in the future. This thesis made some progress on the problem
of stabilizing a multi-dimensional plant over a multi-dimensional Gaussian channel,
however the problem of finding optimal sensing and control polices that minimize
a quadratic cost function of the state and control process remains open in both
static and dynamic settings. In the dynamic case, even optimal linear policies are
not known. Our study on stabilization and control over relay networks was one
of the earliest, where we used amplify-and-forward based relaying strategies. We
realized that for relay networks, amplify-and-forward relaying strategies become
increasingly inefficient as the number of relays connected in cascade increases. One
may look for better methods. In fact, in Chapter dl we have seen examples of simple
quantization based policies that worked well for minimizing end-to-end distortion
in cascade relay channels. One can use similar policies for stabilization over cascade
relay networks. Similarly the non-linear sensing policies introduced in Chapter
can be used for stabilization over parallel relay networks. We have realized that it’s
a challenging task to derive sufficient conditions for stabilization under these non-



146 Conclusions

linear policies. One extension to Chapter @ would be to find optimal linear policies
for transmission of a vector Gaussian source over a vector Gaussian cascade relay
channel. Of course it is also interesting to show if optimal policies exist. For multi-
user channels, we know very little today. One natural step would be to look for
optimal delay-free linear policies, which are not known even in the scalar settings.
Extensions to schemes with memory and non-linear methods would be further steps.
For interference channels, it would be interesting to formulate an LQG control
problem and then see if the presence of strong interference can lead to lower cost,
as we have observed in the case of stabilization. We observed that stabilization
is not affected by an additive process noise for point-to-point channels. It would
be very useful to show if this is also valid for general Gaussian networks. Another
potential extension to this thesis would be to consider some sort of cooperation
between remote controllers in multi-user settings.

As the author of the thesis, it would be interesting for me if someone pursues
the above mentioned research problems or other problems related to this thesis.
I would be more than happy to discuss and collaborate in studying problems of
mutual interest.
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