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1. Introduction

The control of quantum dynamic systems is an emerging
area [1]. In fact, there have been intensive developments of ad
hoc approaches to quantum control within specific application
areas [2-11], but there is still a need for a systematic approach for
quantum control that extends the classical control theory.

Recent developments in quantum control theory [12-16] have
shown that the optimal and robust design of quantum feedback
control loops can be accomplished using sophisticated methods
of systems engineering. In the recent papers [12,15], the problem
of systematic robust control system design for a class of linear
quantum systems is tackled via an H* approach based on a
quantum version of the Strict Bounded Real Lemma. In [12],
this problem was addressed by considering real and imaginary
quadratures of the quantum system variables, while, in [15,16],
a special class of linear quantum systems is considered, which can
be modeled purely in terms of the annihilation operator and not
the creation operator. In [16], the controller is also considered to
be a linear complex quantum system in the same class as defined
in [15].

In [14], a coherent quantum LQG optimal control problem for
quantum linear stochastic systems is formulated, in which the
controller itself may also be a quantum system and the plant
output signal can be fully quantum. By viewing the problem as
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a polynomial matrix programming problem, the authors showed
that, by utilizing a nonlinear change of variables, the problem can
be systematically converted to a rank constrained linear matrix
inequality (LMI) problem.

In this paper, we further develop quantum feedback control
theory and extend it to the LQG control of the class of linear
quantum systems introduced in [12,14] for the case of sampled-
data measurements.

Practical quantum control systems usually use digital comput-
ers as discrete-time controllers to control quantum continuous-
time systems. Control systems using digital computers with AD/DA
converters involve both continuous-time and discrete-time sig-
nals, and are called sampled-data systems. In this paper, fol-
lowing the approach of [17] in modeling linear systems with
jumps, we develop a hybrid state-space framework for a class of
linear time-varying quantum systems for the case of sampled-
data measurements. The resulting closed-loop system is a hybrid
quantum)/classical system with continuous-time and discrete-time
states.

2. Problem formulation
2.1. The plant model

We begin with a class of linear quantum dynamical systems
described in the Heisenberg picture by a set of quantum stochastic
differential equations given by (see [12,14] for details)

dxp (t) = Ap()x,(t)dt + By(t)du(t) + Dp(t)dw(t),
dyp(t) = Cp(6)xy(£)dt + Ny(0)dwy (),
7p(t) = Hy(£)x,(t). (1)


http://dx.doi.org/10.1016/j.sysconle.2011.12.005
http://www.elsevier.com/locate/sysconle
http://www.elsevier.com/locate/sysconle
mailto:a.maalouf@adfa.edu.au
mailto:alinemaalouf@hotmail.com
mailto:i.r.petersen@gmail.com
http://dx.doi.org/10.1016/j.sysconle.2011.12.005

370 A.L Maalouf, LR. Petersen / Systems & Control Letters 61 (2012) 369-374

Here, Ap(t) € R"*", By(t) € R™*™, and D,(t) € R" "1 for
all t € [0, tr]. Also, x,(t) = [xp,(t) - - “Xpn, ()] is a vector of self-
adjoint possibly noncommutative system variables; see, e.g., [12]
for more details.

The initial system variables x,(0) = xp, consist of operators (on
an appropriate Hilbert space) satisfying the commutation relations
[Xp;(0), Xp, (0)] = 2i®y, , where ), is a real antisymmetric matrix
with components Oy, ; see [12]. Also, G,(t) € R™ ™, Ny(t) €
R™p*™2 and Hy(t) € R"»*".

The quantities dwq(t) and dw,(t) represent the quantum noise
inputs, du(t) is the control input, dy,(t) is the measured output,
and z,(t) is the controlled output. The quantity dy,(t), for this
quantum system, is a vector of self-adjoint operators defining the
continuous-time output of this system; see also [12].

We assume that dwq(t) is a vector of quantum Wiener
processes with Ito matrix F,,, and commutation matrix T,,,, which
are defined below. Similarly, we also assume that du(t) =
Bu(t)dt + du(t), where ii(t) is the noise part of u(t) and B,(t) is
a self-adjoint adapted process. The noise #i(t) is a quantum noise
with Ito matrix F; and commutation matrix Tj.

The non-negative symmetric Ito matrices F,,, and F; satisfy
the equations F,,dt = dw(t)dw;(t)" and Fzdt = du(t)di(t)";
and the commutation matrices T,,, and T; satisfy the following
equations:

[dwi(t), dwi ()] = dwq(O)dw; ()" —
= 2Tu)1dta

[dii(t), dii(t)T] = diu(t)dii(t)" — (di(t)di)")" = 2T;dt,

where T,,, = 3(F,, —F} )and T; = 5 (F; — F}); see [12].

Also, we assume that dw,(t) is a vector of quantum Wiener
processes with Ito matrix F,,, and commutation matrix T, Which
are defined by F,,dt = dw,(t)dw,(t)" and T,,, = 5 L (Fu, — wz)

The continuous-time measured output vector y,(t) is con-
nected to an array of n,, homodyne detectors and converted into
a classical signal vector y(t) that is fed into a classical anti-aliasing
filter and then sampled. The classical signal dy(t) is given by
dy(t) = C(t)x,(t)dt + N(t)dw,(t), where C(t) € R™*™, N(t) €
R™*™2 and ny, = n,.

Note that y,(t) is a continuous-time vector consisting of ny,
quantum operators, and therefore is not a classical signal that
can be directly connected to a classical anti-aliasing filter. Thus, it
needs to be converted to a classical signal, and this can be achieved
using homodyne detectors. And since we have n,, operators, we
need ny, homodyne detectors. Therefore, we used an array of ny,
homodyne detectors; see, for instance, [18,12]. In that case, each
quantum operator of the vector y,(t) is converted to a classical
signal that becomes one component of the classical vector y(t)
by imperfect continuous measurement of the real and imaginary
quadratures of the optical beam corresponding to that operator
through homodyne detection.

The anti-aliasing filter equations are given by

dxa(t) = Aa(t)xa(t)dt + Ba(f)dY(f), Xa(o) = Xqp»
Y(t) = Ya(te) = Ca(ti)Xq(te) + w3 (). (2)

Here, Ag(t) € R">*" B, (t) € R"™ ™, and C,(ty) € R™k*M%k,
w3 (t) is a classical noise signal affecting the sampled measured
output y(ty). It has a covariance matrix S, ().

The sampled output y(t;) is then processed by a sampled-data
controller. The sampled-data measurement output is y(tx), where
{ti}k=0 is an increasing sequence of measurement time instants:
Ozfofﬁ <t2<"'<tN§ff.

The output of the sampled-data controller is then applied
to the quantum system. The block diagram in Fig. 1 illustrates
this process. The resulting mixed quantum-classical system

(dwy(O)dw ()"
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Fig. 1. A block diagram illustrating the discretization of the continuous-time
output.

(see also [12]) is described by the following quantum stochastic
differential equations (QSDEs) defined on the finite time interval
[0, tr] and by the classical discrete-time measured output defined
at sample times t;.

dx(t) = A(HX(t)dt + B(t)du(t) + D(t)dw(t),

y(t) = Ca(t)X(te) + w3 (8,

z(t) = zy(t) = HOX(D), (3)
where x(0) = [20]. A0 = [0 alo ) BO = 7]
Do) = [ s ] Gt = 10 el wo = [120)]

and H(t) = [H,(t) 0].

The initial system variables x(0) = Xy consist of operators
(on an appropriate Hilbert space) satisfying the commutation
relations [xj(O) Xk (0)] = 2i®y, where © is a real matrix with

components (),k. Note that the initial states x,, of the anti-aliasing
filter commute with each other, and hence the corresponding
elements of the matrix & will be zero.

Furthermore, we assume that the state of the quantum system

is a Gaussian state with mean xo € R" and covariance matrix Yo;
see, e.g., [19]. Then (Xy) = xo and

~ ] ~ 4 ~ X ~ X ~ M4

Yo = 5((Xo —X0) (o — X0)" + ((Ro — X0) (o — X0)")"). (4)
Here, () denotes classical/quann{m expectation; see, e.g., [20].
Here, A(t) € R™", B(t) € R™™, D(t) € R™™ forallt € [0, ],
and n, n,, and n, are positive integers. Also, Cy(t,) € R™k*"
aNnd (ng is a positive integer) for all k € [0, N]. Furthermore,

H(t) € R"=*" where n, is a positive integer.
Let

K@) =[B(t) D)) and dw(t) = [g;((’?)} .
Then Eq. (3) becomes

dx(t) = A(H)X(t)dt + B(t) Bu(t)dt + K(t)dw(t),
y(t) = Co()X(te) + w3 (te),

z(t) = HR(D). (5)
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