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COHERENT FEEDBACK CONTROL OF LINEAR QUANTUM
OPTICAL SYSTEMS VIA SQUEEZING AND PHASE SHIFT*

GUOFENG ZHANGT, HEUNG WING JOSEPH LEE!, BO HUANGS, AND HU ZHANG?

Abstract. The purpose of this paper is to present a theoretic and numerical study of utiliz-
ing squeezing and phase shift in coherent feedback control of linear quantum optical systems. A
quadrature representation with built-in phase shifters is proposed for such systems. Fundamen-
tal structural characterizations of linear quantum optical systems are derived in terms of the new
quadrature representation. These results reveal considerable insights into the issue of the physical
realizability of such quantum systems. The problem of coherent quantum linear quadratic Gaussian
(LQG) feedback control studied in H. I. Nurdin, M. R. James, and I. R. Petersen, Automatica,
IFAC, 45 (2009), pp. 1837-1846; G. Zhang and M. R. James, IEEE Trans. Automat. Control, 56
(2011), pp. 1535-1550 is reinvestigated in depth. First, the optimization methods in these papers are
extended to a multistep optimization algorithm which utilizes ideal squeezers. Second, a two-stage
optimization approach is proposed on the basis of controller parametrization. Numerical studies
show that closed-loop systems designed via the second approach may offer LQG control performance
even better than that when the closed-loop systems are in the vacuum state. When ideal squeezers
in a closed-loop system are replaced by (more realistic) degenerate parametric amplifiers, a sufficient
condition is derived for the asymptotic stability of the resultant new closed-loop system; the issue of
performance convergence is also discussed in the LQG control setting.
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1. Introduction. Being an important branch of quantum physics, quantum
optics has been undergoing an accelerating growth in its applications to emerging
quantum technology as it offers building blocks for constructing quantum computing,
communication, and metrology devices to realize the dream of quantum nano-scale
technology [1, 42]. As sound approximations to the fundamental field models in quan-
tum optics, linear quantum optical systems have been developed in terms of quantum
stochastic differential equations (QSDEs) [23] (here the word “linear” refers to the
linearity of the Heisenberg equations of motion of system operators) based on which
a vast body of measurement-based feedback control methods have been proposed to
achieve such objectives as entanglement preservation, state preparation, error correc-
tion, etc. Interested readers may refer to [3, 12, 46, 14, 44, 41, 5, 6, 52, 47, 13] for
excellent discussions on measurement-based feedback control and its applications to
a broad range of quantum optical systems.
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An alternative feedback mechanism, coherent feedback control, has been proposed
recently where measurement is not necessarily involved in feedback loops; instead,
quantum information may flow directionally as a (possibly noncommutative) signal
(such as a quantum optical electromagnetic field or an injected laser) or directly via a
bidirectional physical coupling. The benefits of coherent feedback include (i) preser-
vation of quantum correlation of the whole network and (ii) high speed [24, Figure 1].
In [45] an all-optical feedback mechanism is studied for a quantum optical system
composed of two cavities (a source cavity and a driven cavity). By designing appro-
priate interaction Hamiltonian coupling, the authors were able to obtain a squeezed
state inside the source cavity. In [49] Yanagisawa and Kimura derived closed-loop
linear quantum system models consisting of cavities and beamsplitters. A scheme is
proposed in [40] to produce continuous-wave fields or pulses of polarization-squeezed
light via coherent feedback. This proposal is further investigated in [37]. A more
general quantum modeling framework is studied in [20], which is Markovian when
channel-to-channel time delay is ignored. This modeling framework is further studied
in [18] where transfer functions are obtained for quantum feedback optical networks
mediated by beamsplitters. A Hamiltonian formulation of such modeling framework
is proposed in [19]. Lately the linear quantum systems framework studied in [49]
and [19] has been extended to include squeezing components [22]. Input-output maps
and transfer functions are defined in this more general framework. In [25] quantum
H® control of linear quantum stochastic systems is developed, where the resulting
controllers can be classical, fully quantum or quantum/classical mixed. Based on the
theoretical work developed in [25], a quantum optical experiment was implemented
recently [29]. Because a quantum controller itself is a quantum system, its time evo-
lution must obey Schrodinger’s equations. To deal with this fundamental issue, the
concept of physical realizability is proposed in [25]. Physical realizability is also in-
vestigated in [32, 30, 39, 50]. More discussions on quantum coherent feedback control
and networks can be seen in a recent review paper [51].

As one of the major methods of modern control, linear quadratic Gaussian (LQG)
feedback control has been extended into the quantum domain. In the framework of
measurement-based feedback control, quantum LQG feedback control has been in-
vestigated in [12, 11, 43, 15, 10, 48], [47, section 6], etc.. Recently, this problem has
been studied in the setting of coherent quantum feedback networks [33, 50]. It turns
out that coherent LQG control is more challenging than coherent H*® control in that
control performance and physical realizability are not separable in the LQG coherent
feedback control setting. The resulting optimization problem is in general nonconvex,
and analytical solutions are therefore very difficult to find, if not impossible. A numer-
ical procedure is proposed in [33] which shows that there exists a fully quantum linear
controller which offers better closed-loop LQG control performance than classical ones
do. A similar procedure is proposed in [50] which utilizes direct couplings between
plants and controllers. Generally speaking, direct coupling is a physical mechanism
by which a quantum plant and its quantum controller can exchange energy directly,
without necessarily through field connections (cf. [26, section II-C and Figure 4], [50,
section II-B]). Direct coupling can be implemented via nonlinear optical devices like
crystals [45, Figure 1].

An ideal squeezer can be modeled as a static Bogoliubov transform [22, sec-
tion II-C], which is an idealization of a (more realistic) degenerate parametric am-
plifier (DPA). Ideal squeezers have been used for theoretic study in quantum optics
[16, 21, 32, 22]. Unfortunately there is as yet no rigorous theoretical justification for
their use. Since squeezing devices are prevalent in quantum optics, it is important to
address this issue.
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Phase modulators are optical elements that manipulate optical waves at both clas-
sical and quantum levels; for the latter, they manifest as effects on creation operators
of optical modes. Phase shift has been used in a variety of quantum applications, e.g.,
[27, 29, 8, 36].

The purpose of this paper is to study quantum optical networks including squeez-
ing components and phase modulators from a control theoretical perspective, aiming
at providing systematic control techniques for a wide spectrum of applications. The
follows three paragraphs outline the major contributions of the paper.

First, we present a quadrature representation of linear quantum optical systems
with built-in phase shifters (section 2.5). This representation contains the usual
amplitude-phase quadrature representation as a special case. Fundamental algebraic
characterizations of such quantum systems are presented in terms of this new repre-
sentation (Theorems 2.1 and 2.2). These results reveal more insights into the concept
of the physical realizability of open quantum systems first explored in [25]. Theorems
2.1 and 2.2 are the theoretical basis of the subsequent numerical investigation.

Second, quantum LQG coherent feedback control is restudied in the general frame-
work of linear quantum optical systems including squeezing components and phase
shifters presented in section 2. First, we generalize the numerical procedures in [33, 50]
by including ideal squeezers and direct couplings in closed-loop systems and show that
performance can be improved considerably (section 4.2). Second, we propose a con-
troller parametrization approach and a two-stage optimization technique to find a
coherent feedback controller, ideal squeezers, direct coupling, and/or phase shifters
simultaneously. It is shown that appropriate codesign of ideal squeezers, direct cou-
pling, and/or phase shifters can build a closed-loop system which offers considerably
good control performance (sections 4.3 and 4.4).

Finally, a sufficient condition is derived for the stability of closed-loop systems
when ideal squeezers are replaced by DPAs (Theorem 5.1). Moreover, a case study is
conducted in section 5.2 to demonstrate performance convergence in the LQG feed-
back control setting. This study hopefully will shorten the gap between the existing
theoretical results and their applications, thereby providing experimentalists with
some guidance for the choice of parameters of DPAs.

The rest of the paper is organized as follows. In section 2, the class of linear
quantum optical systems of interest is presented. Section 3 presents the set-up of
closed-loop systems. Section 4 studies coherent quantum LQG control. Section 5
studies performance of closed-loop quantum systems when ideal squeezers are replaced
by DPAs. The paper is concluded by section 6.

Notation. Let i = /—1 be the imaginary unit. Given a column vector of operators

r=[x1 - xy |7, where m is a positive integer, define 2% = [ z7 --- ¥, |7,
where the asterisk * indicates Hilbert space adjoint or complex conjugation. Fur-
thermore, define the doubled-up column vector to be & = [ 2T (x#)T ]T. The

matrix case can be defined analogously. The symbol diag, (M) is a block diagonal
matrix, where the square matrix M appears n times as a diagonal block. Given
two matrices U, V € C"™** a doubled-up matrix A (U, V) is defined as A (U, V) :=
[U V; V# U# ]. Let I, be an identity matrix. Define J, =[ 0 I,; —1I, 0]
and ¥,, = diag(I,, —1I,). (The subscript “n” is always omitted.) Then for a matrix
X € C??m define X” := U,, XT¥,. Finally, the norm symbol || - || represents the
largest singular value for a constant matrix.

2. Linear quantum optical systems with squeezing components. This
section introduces systems of interest in the paper. A quadrature representation with
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embedded phase shifters is introduced, some fundamental relations are presented, and
an example is used to demonstrate that phase modulation is useful in measurement-
based feedback control of linear quantum optical systems.

2.1. Boson fields. An m-channel free-space light field is described by a vector
of annihilation operators b, (t) = [bin1(t),... ,bmm(t)]T defined on a Fock space
[16, 50]. These operators satisfy the singular commutation relations

[Bin, (£), bk ()] = 030 (¢ = 1), [bin, 5 (£), bim, ke (t)] = [, 5 (£), b5y, 1 (¢)] = 0.

The operator b, ;(t) (j =1,...,m) may be regarded as a quantum stochastic process;
in the case where the field is in the vacuum state, this process is quantum white
noise. The integrated process B, ;(t) = f(f bin ;(T)dT is a quantum Wiener process
[16, section 5.3.5], which may be used to define quantum stochastic integrals with
associated nonzero Ito product dBiy ;(t)dB}, . (t) = d;kdt. In this paper we assume
that there is no scattering among channels.

2.2. Open quantum optical systems. An open quantum optical system G
is a collection of n quantum harmonic oscillators a(t) = [a1(t),...,a,(t)]T (defined
on a Hilbert space) interacting with m boson fields b;,,(¢). Such system can be pa-
rameterized by a triple (I,,, L, H). In this triple, the vector operator L is defined as
L =C_a+Cia#, where C_ and C; € C™*" and a = [ay, ..., a,]T with a; being the
annihilation operator of the jth quantum harmonic oscillator satisfying the canonical
commutation relations [a;, af] = 0. Define a matrix C = A (C_,C4). The observ-
able H = £a'A (Q_,Q4) @ is the initial internal energy of the oscillators, where Q_
and Q4 € C™*" satisfy Q_ = Qf and Q4 = QT. With these parameters, G on the
composite system-field space can be written as, in Ito form,

da(t) = — (i\IJH + %Cbc) a(t)dt — C*dByy, (t), a(0) = a,

(2.1) dBou; (t) = Ca(t)dt + dBiy (1) .

2.3. Ideal squeezers. In quantum optical experiments, boson fields b;,(t) can
be squeezed before they interact with quantum optical systems. Squeezing compo-
nents can be approximated by Bogoliubov transformations. Let S_ and S, € C™*",
Define S = A(S_,Sy). If S satisfies S*S = SS° = I, then S is called a static
Bogoliubov transformation. This paper focuses on a particular class of static Bogoli-
ubov transformations. Let ¥ be a real diagonal matrix. Then it can be verified that
S =exp (A (0,X)) is a static Bogoliubov transformation. In this paper, this type of
Bogoliubov transformations are called ideal squeezers, which have been used in the
study of quantum optics [14, 16]. Clearly, S is an identity matrix if ¥ is a zero matrix,
that is, there is no squeezing.

Example 1. An ideal squeezer can be regarded as an idealization of a phase-
shifted DPA. A DPA is an open oscillator that is able to produce squeezed output
field. A model of a DPA is as follows [16, p. 220]:

da(t) = — = [ Koo ]é(t)dt—\/ﬁdém(t),

—€ K
dBout(t) = V/ra(t)dt + dBin (1),
where k and e are assumed for simplicity to be real numbers and satisfy the inequality

le] < k. In terms of (I, L, H) language, Q_ =0, Q4 = %, C_ = /K, and Cy = 0.
Let r = In ££¢. Then S = exp (A (0,7)) = A (coshr, sinhr) is an ideal squeezer.

K—E€
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Replace x and € by 7 and 1, respectively, where h > 0; a sequence of DPAs is
obtained parameterized by h. It can be shown by simple algebra that the sequence of
DPA (parameterized by h) converges to e'™S pointwise as h — 0.

2.4. Open quantum optical systems with ideal squeezers. If the input
fields by, (t) pass through ideal squeezers S before interacting with a collection of
open quantum harmonic oscillators, then the composite system reads

(2.2) da(t) = Aa(t)dt + BSdBq, (t), a(0) = a,

dBoy: (t) = Ca(t)dt + SdBiy, (t),

in which the coefficient matrices are given by
1
(2.3) A= —50"0 —iU,A(Q_,Q,), B=-C"

2.5. Quadrature representation of quantum optical systems with em-
bedded phase shifters. So far, we have used the annihilation and creation operators
aj and aj to represent oscillators systems via the doubled-up notation a = [aT af]T.
There is an alternative form, amplitude-phase quadrature representation, in which
all the operators are observables (self-adjoint operators) and all the corresponding
matrices are real, not imaginary.

Phase shift is a technique which can be used to change the phase of a light beam.
Phase modulators are widely used in experimental quantum optics [2]. In this paper
we show that systematic design of phase shifters can help to improve closed-loop
control performance considerably. In this subsection, we introduce a new type of
quadrature representation with built-in phase shifters.

Let P, be a 2n x 2n permutation matrix which transforms a column vector d =
[dy, ... dop]" to Pod = [dy,ds,ds, ... ,do,dy,...dsn]". Let My be a unitary matrix
defined via

M::ﬁ

where 6}, is real. Introduce

1[11 eifx O}_

e’iek e—iek
:|7 My, :M|: 0 e~ 0k |:

_iezek Z'e—wk )

Sl

-1 1

M, = diag (M1, ..., My,), M, = diag (My41,. .., Mptm) ,
M. = diag (Mptm+1, - - s Mptam) -

Denote matrices
(2.4) Ay = P,M,PT Ay = P,MPL A.= P,M.P~.

It can be readily verified that A;r-Aj = AjA;r- = 1,j = a,b,c. Define a coordinate
transform

(2.5) T = Agd, Bin:= Abém, 7= AeBour.
Then in quadrature form, the system G in (2.2) is converted to

(2.6) dz(t) = Az(t)dt + BSdB(t), x(0) =,
dg(t) = Cax(t)dt + AN} SdBin (1),
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b,‘n baut
E—

buut

i6, 0, i6,

(b)

Fic. 2.1. (a) Quadrature representation; (b) quadrature representation with embedded phase
shifters.

where
(2.8) A =M AN, B=A,BA}, C=A.CAl, S=A,SA].

Remark 1. When all 6;, are 0, the above quadrature transforms reduce to the
unitary transforms used in [50, (24)].!

The above representation contains the amplitude-phase quadrature representation
as a special case. In fact, it is the amplitude-phase quadrature representation of
the system from b;, to boy: in Figure 2.1(b), not that in Figure 2.1(a). That is,
input, output, and intracavity fields are implicitly assumed to be possibly phase-
shifted in this new quadrature representation. This new quadrature representation
enables us to choose suitable quadratures which may yield desired (closed-loop) control
performance.

Ezample 2. The following linear quantum plant is studied in [33, section 8]:

da(t) = —OA ﬁ ]f(t)dﬂr { 8 _2?/?1 ] di(t)
+ [ 8 —2?/,43—2 ]déin,l(t) + { 8 0 } dBin o (1),

ait) = | 2 | w0t + B (),

(2.9) 3(t) = a(t) + Bu(t),

where A = 0.1, k1 = Ky = k3 = 0.01, (3, is the signal part of @ (cf. [25, equation
(3)]). The quantum LQG control problem studied in [33] is to design a controller that
minimizes the following performance index:

1 t
(2.10) Joo = limsup ~ / (Z7(1)2(7)) dr.
t—o00 0
That is, the aim of control is to steer the quadrature operators as close as possi-
ble to the origin in phase-space x with a minimum controlling force (3, for energy
consideration.

'In quantum optics, given annihilation and creation operators a and af, amplitude operator is
defined to be a + af while phase quadrature —i(a — a'); cf. [2, section 4.3.1], [42, equations (2.56),
(5.5), (5.6)]. Therefore, the quadratures defined by (2.5) are the scaled versions of commonly used
quadratures (with the scaling factor 1/4/2). However, it can be easily seen that these two types of
transformations give rise to the same real matrices.
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Define a quadrature representation
r = Aa&; u= AbBin; Bin,l = ABin,l; Bin,2 = ABin,Q; Zj = AcBout,la

where

1 eiel e—i91 1 ei92 e—’i92
M= | S g | ho= 5| S o |

1 1 1 1 6193 e—ies

Then, in quadrature representation the system is

(2.11) = Azdt + Bda + Bld.ém,l + Bgdém)g,
§ = Coxdt + Da1dBin 1,
Z=1a+ B,

where 3, is the signal part of @ and

in(61)sin(f2)  sin(61) cos(62)
-A 0 } _2\/—{ ccs)b(ﬂl)s?n 62) —scos(01§205(02) }

s 0 sin(fy) 5 cos(f3) cos(f1) cos(f3)sin(61)
B —2‘/””—1{ ) } s —2\/5[ in(8) cos(61)  sin(8s) sin(6 ) ]

=~ | cos(f3) —sin(f3) _
Da1 [ sin(6‘§) cos(6‘3§ } y 1=1,2.

To compare with results in [33, section 8.2], only the first element of 7 is measured.
When 6, = 0, = 03 = 0, the system reduces to [33, equation (38)]. It has been shown
[33, section 8.2] that a measurement-based feedback controller yields a closed-loop
LQG index 4.8468. In what follows we study several other cases.

(i) When 6 = 62 = 0 and 03 # 0, we have continuous measurement by homodyne
detection [43, 2]. Numerical study shows that 65 = 0 gives rise to an LQG performance
Joo = 4.8468. That is, there is no improvement.

(ii) When 6; = 0, 0 = —0.5294, and 03 = —0.5498, J, = 4.0551, which is not
only better than 4.8468 but also better than 4.1793—the best coherent LQG control
performance obtained in [33].

(iii) When 6; = 0.5200 and 0 = 03 = 0, 3Jo, = .7544.

(iv) When 6; = 0.04, 2 = —0.49, and 03 = —0.1, Jo = 3.7388.

This example demonstrates that measurement-based feedback plus phase shift
can yield LQG control performance better than that via coherent feedback studied in
[33] and [50].

2.6. Fundamental relations. In thissubsection characterizations of open quan-
tum systems are presented.

The following result reveals a fundamental structural relation among the quantum
systems under study.

THEOREM 2.1. The real matrices A, B, and C in (2.8) satisfy the following
equations:

(2.12) AJ, + J, AT + BJ,, BT =0,
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(2.13) B=—iJ,CT(AV,,A}).
Proof. 1t is easy to show that matrices A and C' in (2.3) satisfy

v,A+ AN, + O, C =0,
which leads to
(2.14) AoU, ATALAANT + A ATAT AU, AT + A, CTATA T, ATA.CAT = 0.
Substituting A, ¥, Al =1i.J, and AV, Al = i.J,, into (2.14) yields
(2.15) J A+ AT, +CTJ,.C =0.
Moreover, by B = —C” we have AaBAZ =JI (ACCA];)T (AC\IJmAZ). Consequently
(2.16) B=—iJ,CT(AV,,A}),

which is exactly (2.13). Moreover, by (2.16), C' = —iAC\I/mA}:BTJn. Substitution of
B and C derived above into (2.15) gives

A+ AT J, +CTJ,,C = J, A+ AT J, — J,BA,, AL T, A0, Al BT J,
= J, A+ A" ), — J,BJ, BT J,
(2.17) = 0.

Hence (2.12) holds. The proof is completed. O

The following result characterizes solutions to (2.12)—(2.13). This result connects
(2.12)—(2.13) with open quantum systems of the form (2.1).

THEOREM 2.2. Given matrices Mg, Ap, A defined in (2.4), there is a unique
matric C of the form C = A(C_,Cy) and infinitely many matrices A of the form
A= —%C’bC’ — iU, A (Q_, QL) such that matrices A, B,C defined via (2.8) satisfy
(2.12)-(2.13).

Proof. We first show that the matrix A has the specified form. By (2.12) and
(2.17) we have JnA+ AT ], +CT J,,C =0. As a result, the matrix A is in the form of
A= %JnC'T JmnC+J, R, where R is an arbitrary real symmetric matrix. Consequently,
in terms of A = Al AA, and C' = AICA, we have A = —%CbC—i\I/nALRAa. However
it is straightforward to show that AT RA, is in the form of A (2_, Q). Finally, since
R is arbitrary, there are infinitely many A of the form A = —%CbC — iU, A (2, Q).
Next we show that the matrix C has the specified form. Given a real matrix B, some
simple algebraic manipulation gives that —iJ, BAy¥,, = [X# X] for some complex
matrix X. Substituting it into (2.13) yields C = A.[X X#]”. Consequently,

e Xt
C=ACA, = [ i ] A, =A(C_,CL)
for some matrices C_ and C,. The proof is completed. d

Remark 2. Equations (2.12) and (2.13) are forms of physical realizability investi-
gated in [25] which reveals fundamental relations that a quantum system must obey.
The derivation of physical realizability in [25] is very mathematically involved. In-
terested readers may check the proofs of Theorems 2.1 and 3.4 in [25]. In contrast,
the derivation presented here is much simpler as we make use of connections between
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the annihilation-creation and quadrature representations. Moreover, Theorem 2.1 ex-
tends the results in [25] to linear quantum optical systems with built-in phase shifters.
Therefore, the results presented here are more general; cf. [25, Remark 3.6]. These
results are used in the numerical study carried out in section 4.

Remark 3. The indication of Theorem 2.2 is two-fold. First, for a given triple
(Mg, Ap, Ac), the matrix C is uniquely determined by (2.12) and (2.13), while A has
free parameters. That is, an open quantum system of the form (2.1) solving (2.12) and
(2.13) has a unique input-output coupling structure while its initial internal Hamilto-
nian is allowed to be arbitrary. Second, the free choice of triple (A4, Ap, Ac) provides
us with freedom in choosing quantum systems that solve (2.12) and (2.13). This
advantage is utilized in the numerical study in section 4.4.

3. Closed-loop systems. This section presents the set-up of the closed-loop
systems.

Consider the closed-loop system as shown in Figure 3.1, where P is a quantum
plant and K a coherent feedback controller to be designed. S.,Sy,Svk1,Svk2 are
ideal squeezers to be designed. b;,,1 and b;, 2 are quantum noises; b;y,,1 is in vacuum
state, while b;, » may have finite energy. y is plant output (output field channel),  is
control input (input field channel), and u, is part of the output of the controller K.
z is reference output (namely, a performance variable, which may not be a physical
variable, and is thus designated by a dotted line) and b,,, and b,,, are quantum
vacuum noise inputs to the controller K. Hj;,; in Figure 3.1 designates the direct
coupling between P and K; cf. [50, equation (7)].

P I — <—b'
p ¢ in2
y u
IHm(
Yo Uo
Dbyt » S Do _, K
Duc = buco » —»

Fic. 3.1. Coherent feedback control.

In terms of quadrature representation introduced in section 2.5, the quantum
plant P is described by

dz(t) = Az(t)dt + Bdu(t) + B1dBin1(t) + BadBin o(t), x(0) =,
dz(t) = Cya(t)dt + Da(t) + D12dBin 2(t),
(3.1)  di(t) = Cox(t)dt + Dy1dBin 1 (t) + DaadBiy, o(t)

and the controller by

dé.(t) = AKg(t)dt =+ BKng(t) =+ BKldB'UKIO (t) + BKQdBva (t)a 5(0) = ga
(3.2)  diio(t) = Cx&(t)dt + DgdByy,, (t).

Note that in the quadrature representation introduced in section 2.5, D in general is
not an identity matrix, as can been seen from (2.7) and the case study in section 4.4.
Define matrices

. A BS,Ck + Bis
3.3 Ag=| - . A4 : ,
(3:3) : BgS,Co + Box Ax }
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& ) ?1~ BS,DxSyi1 0 G DPEC
. BgSy,Day  Br1S,x1  BraSeka |’ .

I:Icl = [ 0 DguDKSvKl 0 ]7

where Blg and 321 are for direct coupling, satisfying 321 = JnéﬂJn with Blg being
an arbitrary real-valued matrix [50]. The closed-loop system with a built-in direct
coupling in the quadrature representation is given by

n,1(t)
de(t) | = x(t) Ty ~
(3.4) |: dé(t) :| = Ay |: £(t) :| dt-l—BcldBmg(t) + Gu dgvxl Eg ,

_ aj(t) ~ B _ d zn71 (t)
d5(t) = Cu [ } dt + D12dBina(t) + Hut | dBoy, (1)
f(t) B (t)

4. LQG synthesis. In the previous section we added ideal squeezers and phase
shifters to closed-loop plant-controller systems. It is natural to investigate if they
are helpful for the purpose of control. As mentioned in the introduction, coherent
LQG quantum feedback control is as yet an outstanding problem; in this section we
would like to restudy this problem in order to illustrate the usefulness of the more
general framework presented in the previous sections. Example 2 has shown that
measurement-based feedback plus phase shifters can outperform the best coherent
feedback control performances derived in [33] and [50]. We show in this section that
coherent feedback can achieve much better performance if ideal squeezers, phase mod-
ulators, and direct coupling are appropriately designed in coherent feedback control.

4.1. Set-up. In this subsection, we formulate the coherent quantum LQG feed-
back control problem. This problem has been investigated in [33] and [50]. Similar
problems have been investigated in [12, 11, 43, 15, 10, 48], [47, section 6], etc., in the
framework of measurement-based feedback control. As mentioned in Example 2, the
aim of control is to minimize the variances of amplitude and phase quadratures with
a minimum controlling force for energy consideration.

The following assumptions are standard (cf. [33]):

Al. Dy in the plant (3.1) is zero.

A2. The quantum noise inputs bj, 1(¢) and b;y, 2(¢) in the plant (3.1) are in vacuum

state.

A3. The plant is initially in Gaussian state.

A4. The controller is initially in vacuum state.

Moreover, for simplicity, we assume

A5. The performance variable is 2(t) = z(t) + Bu, (t), where f,,(t) is the signal

part of u,(t).

Under these assumptions, suppose that A, in (3.3) is Hurwitz; then a positive

definite matrix Prgq is the (unique) solution to the following Lyapunov equation:

(4.1) AaProc + ProcAL + [ Bu Gal| Ba Ga ]T =0.

As is shown in [33], the closed-loop LQG performance index Jo, in (2.10) can be
computed via

(4.2) Joo = Tr (édPLQGég;) .
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As we wish to minimize the variances of amplitude and phase quadratures to conform
to footnote 1 in section 2.5, we use the following quadrature transformation:

49 (1]

In what follows we first study an extreme case. Denote

(4.4) CTCx = [ e ] .

C2 C3

THEOREM 4.1. Assume that in steady state both the plant and the controller are
in the vacuum state; then Joo =2+ (c1 + c3).

Proof. First, it is easy to show that
(4.5)

(ZT()3(s)) = (a7 ()(5)) + (2T (5)Cic€(5) ) + (€7 (5)CRa(s) ) + (€7 (5) CRCuck ()
Second, note that

(4.6) 27 (s)x(s) = 4a*(s)a(s) + 2

and

(A7) (&) CRCKeE(s)) = (c1ad(s) + c2e()pe(s) + pe(s)ac(s) + cop(s))

qg =a% + 1+ 2a%ak + (a%)?,
pg = _ (a% —1—2ajax + (a})z) ,
qepe + pede = —2i(a% — (a%)?).

Substituting (4.6) and (4.7) into (4.5) yields

(4.8) (27 (s)2(s)) = —2ica (a%k(s) — (af(5))%) + (c1 — e3) {a%k (s) + (a(s))?)
+ (2T (5)CkE(s)) + (6(5) Chals)) +2+ (e1 + cs).

As both the plant and the controller are in the vacuum state in steady state,
(4.9)

(als)"a(s)) = 0, {ak(s)) = (a5 (s)?) = 0, (2T (5)Cic€(5)) = (€7 (s)Cals)) = 0.

Substituting (4.9) into (4.8) leads to (27(s)Z(s)) = 2 + (c1 + ¢3). Consequently,
Jso =2+ (€1 4 ¢3). The proof is completed. d

Remark 4. It is worth pointing out that J., derived above is a result of Heisen-
berg’s uncertainty principle. Clearly, J, is independent of plant parameters.

Remark 5. The plant studied in Example 2 can model an optical cavity inter-
acting with three input fields. If the term 3, is ignored in (2.9) by setting Cx = 0,
then it is easy to see that the performance index defined in (2.10) means minimization
of the number of photons in the cavity. Theorem 4.1 shows that the minimal value
is 2. However, the plant in this example is only marginally stable, so it has to be
controlled. Therefore Cx cannot be zero and hence Jo, = 2 + (¢1 + ¢3) > 2.
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As direct coupling can add a new energy channel between the plant and its con-
troller, squeezers can modify the input-output structure of the plant, and phase mod-
ulators can adjust relative phases of signals in the closed loop, in what follows we seek
to study the following problem.

PROBLEM 1. Is it possible to design a coherent feedback controller, direct coupling,
ideal squeezers, and phase modulators simultaneously such that the resulting closed-
loop system performance is better than 2+ (c1 + c3)?

The measurement-based feedback studied in Example 2 fails to provide an affir-
mative answer to the above problem. Moreover, the coherent controllers proposed in
[33] and [50] fail too.

4.2. An extension of algorithms in [33, 50]. In this subsection we re-
investigate the example studied in [33, 50]. It turns out that an appropriate choice of
ideal squeezers and direct couplings can improve the performance of the fully quantum
controller considerably. This case study embodies the essential ingredients of quan-
tum LQG controller design; thus algorithms for more general cases can be developed
without additional conceptual difficulty.

In the following we present a numerical optimization algorithm.

Let 2-by-2 real matrices Z2 ..., ZL |, ZL |,...,ZL | be aset of decision vari-
. T
ables matrices. Denote V = [I; 2L ;--- ;2L 3 ZL 15+ ZL, 1] . Define a sym-

metric matrix Z = VV7. For ease of presentation, denote

Zz = [ Zw271 Z1371 Zw4,1 ]; B'I/Jj - [ B2 BgugvKl 0 ]a

o [ Sk 0 0 0
Co=| 0 Sz 0 0 1.
0 0 S, | C
o [ Sekr 0O 0] 0 I 0
D, = 0 Syga O 0 01
0 0 S, ]LDn 00

Construct the linear matrix inequalities

’

AZw5,1+B§uZ15,1 Zgl,l + A Bw
+(AZ$671+BSUZ$5,1)T
Zyp 1 +AT Zpsr A+ 2,0, Zy, 1B, + Z.D,
+(Zw7,1121+ chw)T
(B,)T (Zer 1By + ZaD,,)T -1
- . - N\T
Bi2 + Bis (Z112,1+Zz7,1312) 0
(410) + Z112,1+Zr7,1-él2 Zwu,l + Zg“ll’l 0 < O,
0 0 0
~ ~ T
Zgg I (Olzrs,l + D12Zm5,1)
(411) I Zz7,1 élT >0,

C1Zpg1 + D12Zss1  Ch Q
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(4.12) Tr(@Q) <7,

a rank constraint
(4.13) rank(Z) < 2,

and a set of additional constraints

Z Z 0, ng,l + Zzg,zm = 0;
Zoo—1=0, Zos1 — Zuy1B2Sy =0,
Zl,zg - Z:Eg,l = 0; ng,l - Zzg,z;; = 07
Zl,z7 - Zz7,l = 0; Zv7,l - Zzg,zs = 07
ng,l - Zw77w5 =0, Z’u871 - Zml,ms =0,
Zv10,1 - Zv47v5 =0, Zwlml + Zl,ww =0,
(414) Zv11,1 - Zv57v7 =0, Z’u1371 - Zv27w3 =0,
Zv12,1 - Zvl,rz =0, Zyiyn = Logwy =0,
Zvl 1= r2 1JN K1 =0, Zv2,1 - Zzs,leuKz =0,
J)g, JNg + ng, = 07 Z’U371 - Zm4,1JNy = 07
Znsd — Zpy 10y — Zpi1 A =0, .
Zw1271 = ZJJ117JJ57 Zwlhl = ng,lB21~

Two equality constraints for physical realizability are as follows:

(4 15) vs 1+ng 1+Zv11 1= Zgll,l_'_ZUlol ZT 1+Zv12,1+Zv13,1+ZU14,1 =0

V10,

and
(4.16) Zpy1 — ZUG,;LJMK1 =0.

The quantum LQG control algorithm is given below.

Initialization. Set Blz =0, Su =1, Sy =1, SUK1 =1, and SUK2 =1.

Step 1. For fixed Bia, Sy, Sy, SvKl, and Svm, given v > 0, employ a semidefinite
programming (SDP) approach to solve the feasibility problem with constraints (4.10)—
(4.16) in which decision variables are Z and Q.

Step 2. Pertaining to Step 1, use some optimization procedure to find direct
coupling parameters Bys.

Step 3. Pertaining to Step 2, use some optimization procedure to find squeezers
Sy, Suers and Sy,.,. Then go to Step 1.

Step 1 can be solved using an algorithm similar to that proposed in [33] which
is based on LMIRank [35], SeDuMi [38], and Yalmip [28], while in Steps 2 and 3
only a few decision variables are involved; hence they can be easily solved via many
general-purpose optimization algorithms.

If the above optimization problem is solvable, controller parameters of K can be
obtained via AK = Zz1,1; BKl ZI2)1, BKQ Zz3,1, BK = Zz4 1, CK = cho,l

In what follows we present the solution of the preceding numerical algorithm.
After initialization, solving Step 1 yields a controller K with parameters
= { 0.0251 —0.3787 ] B

A [ 1.0273  —0.1964
K= 10.0665 —0.2121 K=

0.8235 —0.0492

5. _ [ 01125 —0.5992
KL= 1 0.1504 —0.1284
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0.1284 —0.5993

0.1506 —0.1126

5 .10 0.6008 —0.3049 |
Brz =10 [0.1938 02273 |0 O =

:| ’ DK = Ia
which yields Jo, = 4.1787. Implementing Step 2 produces a direct coupling with

- [12 -9 o= [-036 -9 s
312_[0.72 0.36}X10 ! 321_[ 0.72 —1.2}“0 :

Then it is found that J. = 3.9995. Implementing Step 3 generates squeezers

3, = gu s gvm _ [ 1.8076 0

Soia = [ 0 0.5532 ] '

1.5876 0
0 0.6299 |’

It can be verified that in this case J,, = 3.8312. This is, by adding appropriate
squeezers LQG performance is further improved. With direct coupling and squeezers
obtained above, run Step 1 again to yield a controller K with parameters

. _ [ 00108 —0.4819 5. _ [ 13697 —0.4995
K=10.0353 —02116 |° 75~ | 07232 —0.1559 |’

5. _ [ 02996 —0.7662 B — 014 [ 09902 0.6591
KL= 1 0.1427 —0.1876 |> K2~ 0.4085 —0.0584 |’
- 0.1876 —0.7662 -

CK:[0.1427 —0.2996]’ D=1

and the resulting LQG performance is Jo, = 3.7464.

4.3. Controller parametrization and a numerical optimization approach
without phase shifters. The algorithm in the preceding subsection is an extension
of those in [33, 50], but such algorithms suffer from a severe limitation: they are
nonlinear and nonconvex optimization procedures involving many decision variables.
Consequently, it is very challenging to use such algorithms to optimize over all con-
troller parameters, direct couplings, ideal squeezers, and phase shifts simultaneously.

From section 2.2 we see that controllers can be parameterized by C_, C,, Q_,
Q. ; from section 2.3 we see that each ideal squeezer can be parametrized by a real
number; and direct coupling and phase shifters involve just a couple of parameters.
Moreover, with such parametrization physical realizability is naturally satisfied. This
enlightens us to seek for controller design methods via optimization over these pa-
rameters. Inspired by the study in [7], in this and the next sections we investigate a
new optimization approach on the basis of controller parametrization and a two-stage
optimization algorithm.

The idea of controller parametrization is simple. The coherent feedback controller
to be constructed is in the form of (3.2), that is, a quantum harmonic oscillator
interacting with three input fields. According to section 2.2, there are 13 parameters
to be optimized. Direct coupling requires four parameters, while each of the four
squeezers needs one parameter, respectively. Therefore, we will optimize over 21
parameters simultaneously. Based on this parametrization, a two-stage optimization
is constructed which is outlined as follows.

In stage one, a genetic algorithm optimizes over the cost function (4.2) subject
to the constraint that the closed-loop matrix A, is Hurwitz.

Note that physical realizability is satisfied naturally in terms of parametrization.
The genetic algorithm performs a global search over the parameter space to find a
minimal solution [17].
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In stage two, a local search is performed around the minimal solution derived from
stage one. Around this solution, the closed-loop matrix A is always Hurwitz; hence
the optimization problem boils down to minimizing the cost function (4.2) subject
to the constraint (4.1). Here, the cost function and constraints are all continuously
differentiable. Consequently, this optimization problem can be solved by means of
many standard optimization algorithms; cf. [31].

Remark 6. In contract to the numerical optimization procedure presented in
[33, 50] and the previous subsection, the above optimization problem has a parameter
space of much smaller dimension. Moreover, genetic algorithms usually provide a
reasonably good initial solution [17].

The preceding numerical algorithm turns out to be very effective. It provides the
following system parameters

—0.0136 + 0.0857i 0.0136 + 0.0857i
C_ = | —0.0473—0.3509 |, Cy = | 0.0286—0.2251i |,
2.7099 + 19.4445i 0.0763 — 0.3437i

Q_ =0.9768, Q4 = —2.4874 — 0.37714.

Therefore, the matrices of controller K are

. _ | —193.0685  3.4642 5. _ | —26336 —19.7882
K= 1.5106  —192.3144 |’ 7K = | 19.1008 —2.7862 |’
B — | 00272 00000 ] 5 [ 0.0759 0.1258
KL= 1 0.1715 0.0000 | “K27 | —0.5760 0.0187 |’

. 0 0 .
Cr = { 0.1715  —0.0272 ] » D=1
The matrices for direct coupling are

B, — | 1511269 0.0621 B, — | —123.8024  0.0621
1271 13904 123.8024 |> 7T 1.3904  —151.1269

Finally ideal squeezers are

& _[ooo2 0
ver T 0 10.2920 |

3, [ 1.1253 0 ]

3 — 230.3001 0
v 0 0.0043 |’

0.5163 0

Sura = [ 0  1.9367 } ’ 0  0.8887

The resulting LQG performance is 2.0004, which is much better than that obtained
in section 4.2.

Finally, by (4.4), 2 + (¢1 + ¢3) = 2.03013 > 2.0004. That is, this closed-loop
system offers performance even better than the vacuum case given by Theorem 4.1.

4.4. Controller parametrization and a numerical optimization approach
with phase shifters. In this subsection we study whether the LQG performance can
be further improved if phase modulators are added. According to the study in the
previous section, the controller, direct coupling, and ideals squeezers obtained there
already yield a performance which is better than that in the vacuum case, thus adding
phase modulators will not improve performance considerably.
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As shown in Example 2, the parametrization of the quantum plant requires three
phase values, say 61, 02, and 63. As far as the controller is concerned, we denote by
04, 05, and 6 the phase shifters of the intracavity mode of the controller, the traveling
fields y, and wu,, respectively. That is, there are six more optimization variables than
the optimization problem studied in section 4.3.

Using a similar two-stage optimization procedure as that in section 4.3 we find
6; = 0.2711,0, = —1.0493x 1074, 03 = —0.30233, Q2 = 3.8780, Q2 = 2.7264+0.37091,
and

0.0010 + 0.0032: 0.0474 + 0.3290¢
C_=10%x | —0.0178 +4.5222i |, C; = | 1.7123 — 6.7882i
0.0567 4 0.0117: 0.5665 + 0.22531

The matrices for direct coupling are

1.3774  0.002003

> _ 5
Brz =107 x [ 0.005402  0.4648

_ o[ —04648 0.002003
], Ba1 = 10° x [ 0.005402 —1.3774 |

Finally, the ideal squeezers are

0 0.0000001083 | * vk = 0  2.0798

g _[1m6 0 o _[ 1837 0
vee =0 05722 7Y T 0 0.6436 |-

3 —10% « [ 9.2358 0 ] ~ [0.4808 0 }

The resulting LQG performance is 2.0000008422, which is slightly better than 2.0004.

Remark 7. The big difference between parameters of controller, direct coupling,
and ideal squeezers obtained in the above two subsections reveals the nonconvex
nature of the underlying optimization problem. This in turn reveals the necessity of
simultaneous optimization.

5. Performance convergence. The preceding section has shown that ideal
squeezers are very useful in controller design for linear quantum optical systems. In
the practice of quantum optics, ideal squeezers are approximations of more realistic
DPAs. Therefore, it is desirable and practically important to check how closed-loop
quantum LQG performance changes when ideals squeezers are replaced by DPAs.
In this section, we focus on closed-loop stability and closed-loop LQG performance
convergence.

5.1. Asymptotic stability. The concept of stability is a fundamental notion
in control theory [53]. This notion has been discussed in the quantum domain in [9,
Sec. IV] and [50, Sec. III]. In particular, for the linear quantum systems discussed in
this paper, asymptotic stability is equivalent to the “A”-matrix being Hurwitz stable.
In this subsection we study asymptotic stability of closed-loop systems when ideal
squeezers are replaced by DPAs.

For simplicity, we assume that Dgy = 0 in (3.1). As in Example 1, S, is replaced
by

dxu(t):—%[ g Lo ]xu(t)dt—,/%“dao(t) = Az ()dt + Budii(t)
h

(5.1) da(t) = — (\/E;a:u(t)dt + dao(t)> i= Cyity (t)dt + Dydiiy(t).
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Assume other ideal squeezers gy, S‘v K1, S‘v k2 are replaced in a similar way. Then
the closed-loop system becomes

dx
dg§
dx'ukl
dkag
dzyo
dx,,
A BD,Cx + Bia BD,DgCyp 0 0 BC,
BrgD,Cs + By Ak Bg1Cuia BroCure BrC, 0
_ 0 0 Apk1 0 0 0
B 0 0 0 Ayra 0 0
B,Cs 0 0 0 A, 0
0 B,Cx By D Cop 0 0 A,
x By By BDyDgDya 0 )
3 BrDyDs 0 Br1Duki Br2Duke dBin,
Tokr | 0 0 Bk 0 dBin,2
Tok2 0 0 0 Bk dByr1
Tyo By,Dy; 0 0 0 dBks
Ly, 0 0 BuDKkal 0
(5.2)
The following matrices are used in what follows:
A1=|: ~ ~:4 ~ BSuC£(+B12:|7A2:|:By2 ~0~ :|’
BKSyCQ + Boy Ag 0 B.Ck

Agz[ 0 BCu]’AAl:[Ay 9],T:

0 A A ApA7
BkC, 0 0 A,

VhAy  AyAzA;t

Notice that T is independent of h, while A3 contains 1/h.

THEOREM 5.1. Assume the closed-loop system (3.4) is asymptotically stable.
Then the closed-loop system (5.2) is asymptotically stable for all h > 0 if the matriz
Y + YT is negative definite.

Proof. The asymptotic stability of the closed-loop system (5.2) is the same as
that of the system

dx o {1 3 Bbué:x + 312 ~ 0~ Béu T

(5 3) df _ BKDy~Cg~+ By Ax BIS y 0 f
’ dxyo By 2 ~ 0~ Ay 9 Tyo
B By BD,DgDy 0 dBin 1

BxgDyDs; 0 Bi 1Dy BraDyga dBin.o

By,Dyy 0 0 0 dByk:

0 0 Bu[)Kkal 0 dkaQ
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Therefore, in what follows we focus on system (5.3). Let us look at its “A”-matrix.
Some algebraic manipulation yields

I 0 0 —~BC,A;!
0 I —BKOyAgl 0
0 0 I 0
0 0 0 I
A BD.Ck+Bn 0BG,
y BKDy~Cg~+ Boy A BIny 0
B,Cy R O~ Ay 9
L 0 wCK 0 A,
[1 0 0 BCA!
% 0 I Bg yA;1 0
0 0 1 0
L0 0 0 I
o fi ~ BS, N{( + Bia
_ BKSy~CQ~+ Bs Ag
B,C5 ~ 0~
0 B, Cxk
(Bguég( ﬁBlg)BKéyAijl o ~AB NPA;’{ R
y AKB}{CyAgl (BKSypz:l- ~B%l BlcuAgl
_ Ay ByCyBC, ALY
BUCKBKCyA;1 A,

[ A Ay AsAL
T Ay A+ Ay AsAL

Moreover,

I 0 ([ A AAsA I 01" Jo o oy
0 Vh || Ax As+ ArAzAL? 0 vh 10 A '

Then by Fact 5.12.3 in [4],

Re) <

(5.4)

A L aaA
VhAy  Ag+ Ay AzAL!

1 0 0 1 T
><§Ama"([0 2A4D+§Am(““

1 T
5/\max (r+1").

IN

Note the right-hand side of (5.4) is independent of h. Consequently, if the matrix
T+ Y7 is negative definite, then the closed-loop system (5.2) is asymptotically stable
for all h > 0, as is the closed-loop system (3.4). O

5.2. Performance convergence. Pertaining to the study in section 4.3, if we
replace the squeezers S'u, S'U K1, S'U K2, and 5'1/ by DPAs, respectively, then the closed-
loop system (5.2) is obtained. According to Theorem 5.1, simple calculations show
that this closed-loop system is asymptotically stable for all h > 0. Figure 5.1 shows
how the closed-loop LQG performance changes as a function of h. It can be seen that
as h goes to zero, the performance converges to 2.02588, which is slightly bigger than
2.0004 but still better than 2.03013; the vacuum case given by Theorem 4.1.
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h

F1c. 5.1. Closed-loop quantum LQG performance with replacement of ideal squeezers by degen-
erate parametric amplifiers.

6. Conclusion. Recent years have seen a considerable amount of work on quan-
tum networks theory, e.g., system interconnection [49, 19, 18, 20, 22|, H*> control
[25, 50], LQG control [33, 50], synthesis theory [32, 34], dissipation theory and direct
coupling [26, 50], laboratory demonstrations [29], etc. This paper fits into such general
picture by presenting how to use phase shift and squeezing in control design for linear
quantum optical feedback networks. In addition, the controller parametrization and
two-stage optimization procedure may be useful in the optimal design of quantum
optical networks; their advantage for engineering nonclassical correlation has been
illustrated in the study of coherent LQG quantum feedback control.

Acknowledgment. The first author wishes to thank H.I Nurdin for his helpful
discussions on quantum LQG control and comments on the paper.
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